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1. OBJECTIVES 


At the end of this presentation the electrician (or future electrician) will be able to detail the 
contents of high and low voltage switchboards and more specifically be able to: 


* Differentiate the different types of HV cubicle (the term "cell" is also commonly 
used) 


* Explain the functions of the different types of HV cubicle 
* List the accessories equipping the HV cubicles 


* Explain how the different current transformers work and give their specific features 
and references 


* Idem for the voltage transformers 

* Name the types of HV starters and their protections 

* Define the locking (lockout) systems between HV and LV cubicles 
* Design an LV switchboard (at least know the principle) 


* Explain the operation of the different starters for LV motors requiring the use of 
starting systems 


* Explain how a soft starter works 


* Explain how a frequency regulator (also known as "variable frequency speed drive") 
works 


*# Etc. 


Training Manual EXP-MN-SE120-EN 
Last revised: 06/11/2008 Page 6 / 156 


Field Operations Training 
Electrical Maintenance 


ToTAL HV and LV Switchboards 


2. HV SWITCHBOARD 


An HVA switchboard consists of prefabricated metal-enclosed 
equipment, commonly called HVA cubicles. Each cubicle is 
completely assembled in the factory and is ready to be 
connected. The switchgear it contains (switch, circuit breaker, 
contactor, etc.) allows it to carry out disconnection, protection 
and control functions thus forming and independent system with 
its own schematic. 


Figure 1: Example of an SM6 HVA switchboard with 2 loop 
switch (IM) cubicles and a transformer protection cubicle 


(QM) 


2.1. HVA CUBICLES 


2.1.1. Main features 


HVA cubicles must meet the specific IEC 62271-200 standard (AC metal-enclosed 
switchgear and control gear for rated voltages above 1 kV and up to and including 52 kV). 


The switchgear they contain must be compliant with the standards specific to it; e.g. 
IEC 62271-100 (High voltage AC circuit breakers) or IEC 62271-102 (AC disconnectors 
and earthing switches). 
HVA cubicles and their switchgear thus have voltage, current, frequency and short-circuit 
withstand capability rating characteristics which are defined by these standards and which 
indicate if they are suitable for use in a certain type of network. 
These characteristics are normally generally expressed in: 

* rms value of the voltage (kV) or current (kA) 


* peak value of the voltage or current: highest instantaneous value. For an AC 
voltage or current, the peak value is r times the rms value. 


The voltage mentioned is the voltage U which is common between the phases of a 
balanced network. 


The voltage between phase and neutral is deduced from this by V = - 
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2.1.2. Voltage 


Rated voltage: Ur (kV) 


It is the maximum rms voltage value which the equipment can withstand in normal service. 
The international abbreviation is Ur (rated voltage). The rated voltage is greater than the 
service voltage and associated with an insulation level. 

Note: the old name was "nominal voltage". 


Service voltage 


It is the voltage effectively applied at the terminals of the equipment during normal service. 
It is less than or equal to Ur and is generally written U (kV). 


Insulation rating level: Ud and Up 


It fixes the dielectric strength (withstand voltage without arcing between phases or to earth, 
either directly or by flashover) of the equipment to switching overvoltages and lightning 
surges. 


It is characterised by 2 values: 
* Power frequency withstand voltage: Ud (kV) for 1 minute 


All modifications to a circuit produce overvoltages which are internal to the network: 
switching a circuit ON or OFF, insulation breakdown or flashover, etc. 

The equipment's ability to withstand these short-time overvoltages is simulated by a 
voltage test at the network frequency for one minute. The test voltage, called the power 
frequency withstand voltage, is defined by the standards according to the equipment's 
rated voltage. 


* Lightning surge withstand voltage 1.2/50 ms: Up (kV) peak value 
The external or atmospheric overvoltages arise when lightning hits the line or strikes 
near the line. 
The equipment's resistance to the lightning surge wave is simulated in the laboratory 
by applying a wave with a very rapid rising front to the equipment (peak value reached 
in 1.2 us, and falling to half its value after 50 us), similar to that resulting from a 
lightning surge. 

IEC standard voltages 


As shown in the figure in this paragraph. 


Example of interpretation (HVA cubicle for 24 kV network): 
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* Service voltage: 20 kV 
& Rated voltage: 24 kV 
* Withstand voltage at power frequency of 50 Hz for 1 min: 50 kV rms. 


* Withstand voltage to a 1.2/50 us surge wave impulse: 125 kV peak. 


Rated voltage 


Dielectric strength 50Hz 1 min — ' 1,2 ps 50 ps 
Impulse dielectric strength 


Ud Ur Up 


Figure 2: IEC standard voltages for HVA cubicles 


2.1.3. Application conditions for insulation voltages 


Ka The insulation levels apply to metal- 
enclosed switchgear for an altitude less 
than 1000 metres at ambient 
temperature 20 °C, humidity 11 g/m3 

1,40 and pressure 1013 mbar. Beyond these 

values, downgrading should be 
considered, except where specific 

1,30 withstand voltages are given. 


1,50 


The figure gives the coefficient to be 


1,20 
applied (to the voltages) to take account 

1,13 of the altitude. 

1,10 

— “ Figure 3: Coefficient to be applied to 


take account of the altitude 
1000 1500 2000 2500 3000 3500 4000 


Ka = elt: 1000ye150 
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Example: at 2500 m, for a required surge withstand voltage of 125 kV, the equipment 
would need to be able to withstand 125 x 1.13 = 147 kV. 


Therefore 24 kV equipment with withstand voltage 125 kV cannot be used, except if 
specially certified, and 36 kV equipment with withstand voltage 170 kV would be required. 


In addition, there is an air distance (see table) corresponding to each insulation level. This 
distance guarantees the strength of the equipment without a test certificate. The distances 
are reduced by the use of a dielectric medium such as SF6 or a vacuum. 


TZ 60 10 
12 75 12 
eee 95 16 
24 125 22 
36 170 32 


Table 1: The different HVA voltage standards 


2.1.4. Current 


Rated current for continuous service: Ir (kA rms) 


It is the maximum rms value of the current which the equipment can withstand when 
closed, in normal service, without exceeding the temperature allowed by the standards, a 
reminder of which is given in the table. The normal rated currents used in HVA are: 400, 
630, 1250, 2500, 3150 A and 4000 A. These values are coordinated with the rated voltage 
values. The table gives an example of the coordination for 24 kV. 


24 8 400 630 1250 
12.5 630 1250 
16 630 1250 
29 1250 1600 2500 
40 1250 1600 2500 3150 


Table 2: The different HVA current standards for 24 kV (Ur) 
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The international abbreviation used is Ir (r for "rated"). 


Note: the old name was nominal current (In). 


Working current (service current) 


It is the current (KA rms) which the equipment can effectively withstand during normal 
service. 


Its intensity, which is that actually passing through the equipment, is calculated according 
to the consumptions of the equipment connected to the considered circuit, wnen we known 
the power of the receivers. 

In the absence of calculation elements, the client must specify his value. 


Example calculation 


Switchboard with an outgoing line to a 1250 kVA transformer and outgoing line to a 
630 kW motor at a service voltage U = 5.5 kV 


* service current I; of the outgoing line to the transformer 


S; (transformer apparent power) = U x Las =1250 kVA 


5,5 kV 
Le BEES 430 9 A | 
5.5V3 
COs @ Is 
* service current lz of the outgoing line 
to the motor cos 1 cos 2 
- motor power factor: i 2 
COS 2 = 0.9 (i.e. ~2 = 26°) 
- motor efficiency: nz = 0.9 
; Transformater Motor 
P, (motor active power) = 1250 kVA 630 kVA 
n1 n2 
U x I, V3 x COS Py X7)y 
-—__eiga . 
5.53 x 0.92 
Figure 4: Example of a working current a in 
calculation 
Isa =Is cos 
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% switchboard service current 
The switchboard's service current I; is not the arithmetical sum of the previous 
values because they are vector values (figure). To calculate it we must know the 
transformer's input power factor cos @; and its efficiency ni. E.g. cos @; = 0.95, i.e. 
(1 = 18°) and n= 0.97. 


From this we deduce the active component Isa of the service current Is we are trying 
to find. 


Since the active powers are added arithmetically, we have: 
Ux1,,V3 =Ux1,V3xcosg =U x I, V3 x cos, x7, +U x1, V3 x cosg, X > 
By simplifying by Ue: 


Ilsa = 1, COS @ = 1, COS —1 Nit 12 COS @2 N2 and we construct the diagram. 


2.1.5. Frequency 


Two rated frequencies are commonly used throughout the world: 
* 50 Hz in Europe 
* 60 Hz in America. 


Some countries use the two frequencies without distinction. 


2.1.6. Number of phases 


HVA switchgear has three poles, one action operates the 3 phases simultaneously. 
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2.2. HV CUBICLE FUNCTIONS 


The switchgear contained in the HVA cubicles performs three main functions: 
Disconnection, Control and Protection. 


These are also the same functions as in LV and, here too, even if this seems familiar to 


you, do not skip this paragraph..., it will perhaps prevent you from mixing up the principles 
of disconnection, interruption, tripout, etc. 


2.2.1. Disconnection 


The disconnector 


The disconnector (also known as "disconnecting switch" or "isolating switch") is the basic 
disconnection device and it also has a personnel safety function. 


The disconnector has two stable positions: "open" or "closed" and is operated off-load 
since it has no breaking capacity. 


In "open" position (O), the disconnection distance provides the dielectric strength between 
input and output. In addition, to fulfil the personnel safety isolation function, the strength 
between input and output must be greater than the strength between phase and earth. 


When there is an overvoltage and if there is arcing, it will take place between the phase 
and earth and will protect the circuit. 


In "closed" position (C), it must permanently support the service current and must 
withstand the short-circuit current for a specified time. 


The IEC standards require that the O and C positions must be able to be recognised. 
The requirement to be able to know the position of the disconnector or earthing switch is 
satisfied if one of the following conditions is met: 
* the disconnection distance must be visible 
* the position of the withdrawable (draw-out) part with respect to the fixed part must 
be clearly visible and the positions corresponding to complete plug-in and to 
complete disconnection must be clearly indicated 


* the position of the withdrawable part must be indicated by a reliable indicator. 


The two positions must have a locking system preventing them from being operated under 
load. 
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In addition to the principal voltage, current and frequency characteristics given previously, 
a disconnector is characterised by its mechanical endurance (number of mechanical 
operations at no-load). 

Earthing switch 


The earthing switch is a disconnector used to earth a circuit. 


There are two stable positions: "open" or "closed with earthing". It is capable of 
withstanding short-circuit currents for one second and of carrying cable discharge currents. 


In some rare cases the earthing switch can have a closing capability. 


The device must have a system allowing it to be locked in closed position. 


2.2.2. Control 


The control devices are basically the switch (which generally performs the two functions of 
switch and disconnector) and the contactor. All these devices must withstand short-circuit 
currents for a determined time. 

They are designed to function for a certain number of operations under load, linked to the 
types of circuits controlled, which defines their electrical endurance (or durability). The 
number of no-load operations defines the mechanical endurance. 

Switch 


The switch is a control device with two stable positions, "open" or "closed", which is used 
to operate a circuit (transformer, distribution cables, etc.) under load. 


It can perform a large number of operations but at a slow rate. It is not a personnel safety 
component. 

Switch disconnector 

The switch disconnector is a switch which, in its "open" position, meets the isolating 
conditions of a disconnector and provides isolation for the safety of personnel. 
Switch-fuse 


The switch disconnector can be used with downstream fuses. This combination of devices 
can be operated under load and provides short-circuit protection. 
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There are two versions: 

* Associated: When the fuse blows, the switch is not affected. 

* Combined: When the fuse blows, the switch is opened by a striker. 
Contactor 


The contactor is an electrically-controlled device capable of making or breaking a current 
under load at a high switching rate. 


It is very often used to control motors. 
It is often associated with fuses to clip and cut the short-circuit currents. 


It is not an isolating component for the safety of personnel, this is why it is normally 
associated with an upstream disconnector. 


2.2.3. Protection 


Fused circuit breaker (or fuse) 

The fused circuit breaker (or fuse) is a protection device the function of which is to open a 
circuit by one or more of its components melting (blowing) when the current exceeds a 
determined value for a determined time. 

The fuse is basically designed to eliminate short circuits. 

It deteriorates and may not perform its cutoff function if the fault current passing through it 
is too low. A fuse is characterised by its melting curves. It can be associated or combined 
with a switch or a contactor (see "control"). 

Circuit breaker 

The circuit breaker is a device which controls and protects an electrical system. 


It can make, withstand and break the service currents and the short-circuit currents. 


The rated short-circuit breaking capacity is the highest value of the current which the 
circuit breaker must be capable of interrupting at the rated voltage. 


A trip due to a fault is performed automatically via a protection chain (CT, PT, relay, 
release, etc.). 


The isolation function is provided by the circuit breaker's withdrawability. 
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A circuit breaker has an electrical endurance (durability), defined by the number of 
operations when there is a short circuit (1) and operations under load (1) which it can 
perform mechanically and which defined by a number of no-load switching operations. 


Rated O-CO operating sequences can also be specified 
(O = opening, CO = closing, immediately followed by opening): 


* devices without fast automatic reclosing: O - 3 min - CO - 3 min- CO 


* devices for fast automatic reclosing: O - 0.3 s - CO - 3 min- CO. orO -0.3s-CO- 


15s-CO. 


(1) The breaking conditions (current and cos@) are specified. Specific rated breaking 
Capacity performances can be requested for specific applications (on cables off-load, 


capacitor banks, low inductive currents. etc;) 


2.2.4. Summary of HVA switchgear functions 


Disconnector 


Earthing switch 


Switch 


Switch disconnector 


Fixed circuit breaker 


Withdrawable circuit 
breaker 


Fixed contactor 


Withdrawable contactor 


Fuse 


a 


SS yh 


Sa 
<< >>— 
— ,-—— 
<t~ >> — 


ES. 


Isolation 


Isolation 


Switching, does not 
isolate 


Switching, isolates 


Switching, protects, 
does not isolate 


Switching, protects, 
isolates if drawn out 


Switching, does not 
isolate 


Switching, isolates if 
drawn out 


Protects, does not 
isolate 


Table 3: HVA functions and symbols 


Yes 


Yes 


Yes 


Yes 


Yes 


Yes 


Closing 
capacity on 
short circuit 


Yes 


Yes 


Yes (once) 
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2.2.5. Cubicle types 


The designs, which are linked to the new classification, are basically of two types: 
Fixed 
The switchgear installed in the cubicle is connected in a fixed manner to the main circuit, 


which means that this circuit must be switched off in order or to intervene on it. 


Withdrawable (Draw-out) 


When the switchgear is opened 
and while it is still mechanically 
connected to the cubicle, it can be 
moved to a position where an 
isolating distance or metal 
segregation can be established 
between the open contacts. It is 
normally also removable and can 
be completely withdrawn and 
reinserted. After opening and 
withdrawal, we can intervene on it 
with the main circuit still 
energised. 


Withdrawable 
| circuit breaker 


Figure 5: HVA circuit breaker in 
withdrawn position on its 
extraction table 


See course EXP-MN-SE110 
"Electrical protections" for more Extraction 
details on circuit breakers. table 


2.2.6. HVA cubicle design 


In addition to the classifications resulting from the IEC 62271-100 standard and the fixed 
or withdrawable aspect, the design of metal-enclosed HVA equipment relies on the 
environments used to provide the insulation and the disconnection. 
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From this viewpoint there are two cubicle designs: 
* AIS (Air Insulated Switchgear) 
# GIS (Gas Insulated Switchgear). 
The following table summarises their main features and differentiates: 


“ the insulation, where the two main mediums used are SF6 and air 


* the disconnection performed in SF6 or in a vacuum. 


Compartment Insulation Disconnection 


AIS (Air Insulated Switchgear) - modular (e.g.: SM6, MCset, M C500) (Mer|In-Gerin) 


busbars air 
switchgear SF6 or air SF6 or vacuum 
connection air 


GIS (Gas Insulated Switchgear) - Integral insulation / block (e.g.: SM6) 


busbars SF6 or epoxy 
switchgear SF6 or air SF6 or vacuum 
connection connectors 


Table 4: Cubicle features with air or SF6 insulation 


2.2.7. HVA insulation technologies 


Two mediums are mainly used for the insulation: air and SF6. 

A vacuum is not a medium used for the insulation since it is unsuitable when the main 
requirements are reliability and dielectric strength. 

Air 


Its dielectric strength depends on the atmospheric conditions (condensation, pressure, 
humidity, temperature) and on the pollution. 


At 20 °C and 1 bar its dielectric strength is 2.9 to 3 kV per mm. This means that large 
insulation distances are necessary due to the effect of the factors mentioned above. 


Training Manual EXP-MN-SE120-EN 
Last revised: 06/11/2008 Page 18 / 156 


Field Operations Training 
Electrical Maintenance 


HV and LV Switchboards 


SF6 
SF6 has a dielectric strength 2.5 times greater than that of air at atmospheric pressure. 
The use of low relative pressure SF6 enclosures reduces the disconnection distance and 


the size of the switchgear while protecting it against pollution. This technique is widely 
used. 


2.3. HV STATIONS 


Or the combination of HVA cubicles in a special room (switchgear room) 


2.3.1. HV distribution switchboards 


Since the HV (service) voltages encountered on-site are 5.5 to 20 kV, the cubicles are 
adapted to this voltage. A 5.5 kV cubicle, even if it is physically in the same type of cabinet 
(this may be the case) as the 20 kV, will have different internal equipment. 


Each cubicle has its specific function: generator protection - transformer protection - motor 
protection/starting - metering - busbar rising - substation supply - etc. 


Substations 


Figure 6: HV electrical rooms (or stations) 


An HV switchboard is an assembly of cubicles to form either: 
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* The main switchboard (also known as the switchgear panel) receiving the power 
from the site's own generators (and/or from the public system where necessary) 
and distributing this power to the HVA receivers (motors, transformers, etc.) and 
substations 


* A substation ring or branch switchboard distributing the power in its geographical 
sector. 


In France, this is called a "station": a "station" is an electrical installation connected to a 
private (or public) energy distribution network. 


When there is a power delivery from the public service, metering is incorporated in a 
specific cubicle with its own CT and VT (or PT). In this course, (and not in any other 
course) no reference is made to metering since most sites have their own generators and 
are therefore are not connected to the public service. 


2.3.2. Types of HVA stations 


The following diagrams show examples of electrical distribution for different types of 
internal supply network stations. Each station can be consist of modular HVA equipment in 
ready-to-install, equipped prefabricated modular HVA equipment for internal or external 
substations. 


We covered the functions and symbols of HVA cubicles, we now just have to assemble 
them. 


Single delivery station (or substation): 


They consist of 2 cubicles in a 
looped system and of a 
transformer protection cubicle. 


Figure 7: Distribution substation 


As an exercise, identify the types 
of separation devices in this 
diagram and in the following 
diagrams. 


Incoming/ outgoing HVAILV 


loop from main 


switchboard LV Protection 


Training Manual EXP-MN-SE120-EN 
Last revised: 06/11/2008 Page 20 / 156 


Field Operations Training 
Electrical Maintenance 
ToTav HV and LV Switchboards 


HVA delivery station with HVA metering and, where applicable, HVA/LV substations 


Rg 
ow, ey, 


HVA metering 


+ Internal LV 
Incoming loop 
from public service poreelettalla dia 


Figure 8: HVA metering station and substations 


Station with internal power generation. 


HVA HVAILV wind generators 


Internal 
energy production 
generators 


Figure 9: Station with internal power generation 


Note: wind generators are already used on Total sites! 
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HVA distribution and HVA/LV or HVA/HV substations 


HVA HVA 
Incoming lines 
from generaters 


Figure 10: Main station and substations 


2.3.3. Assembly of HVA cubicles 


Composition of an HVA switchboard 


An HVA switchboard consists 
of several functional units 
assembled together. 


Figure 11: HVA switchboard = 
an assembly of cubicles 


The power connection from 
one functional unit to another 
within the switchboard is via a 
single set of busbars. 


The permanent electrical continuity of all the metal grounds is by the earth connection of 
each functional unit to the switchboard's main earth connection. (See specific course on 
earths SE070) 


A low voltage cable way runs through the switchboard above the low voltage enclosures. 


The LV cables can enter the switchboard at each of its ends, either at the top or bottom of 
each functional unit. 
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Description of a functional unit 


A functional unit consists of all the main circuit and auxiliary circuit equipment which 
contributes to the protection function. 


Each functional unit contains all the components necessary to carry out its function: 
* cubicle; 
“# protection and command-control chain; 


* mobile part. 


The cubicle 


The cubicle is of the "metal-clad" type in the IEC 60298 standard sense, i.e. the medium 
voltage parts are separated by earthed metal partitions: 


 busbars; 


* the withdrawable mobile part (circuit breaker, fuse contactor, disconnecting truck or 
earthing truck) ; 


* the HV connection, earthing switch, and current sensors and voltage transformers, 
where necessary. 


The low voltage auxiliaries and the control unit (multifunction relays and/or the different 
measurement/control relays) are in a compartment separated from the medium voltage 
part. 


See the manufacturers’ catalogues which propose "basic cubicles" which are fully 
equipped or equipped to the requirements of the installation 
Protection and command-control chain 
It consists of: 
+ Multifunction relays, protection and command-control unit; 
* The current sensors which can be of 3 types: 
- conventional current transformers, 
- LV toroidal current transformers, 


- Wide operating range CSP current transformers. 


* voltage transformers; 
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* CSH homopolar tori. 


The moving part 
It consists of: 


* the circuit breaker, the contactor or the earthing truck with their opening and closing 
mechanism, or the disconnecting truck; 


* the handle-operated propulsion system for insertion and withdrawal; 


* the locking systems for anchoring the moving part on the fixed part in service 
position or selected position 


*+ The control cables and connectors for connection to the fixed part. 
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3. MEASUREMENT TRANSDUCERS FOR HV (AND LV) 


For HVA electrical distribution, transducers (or measurement reducers) are necessary to 
provide current and voltage values which are usable by the measurement and protection 
systems which can be: 

* analogue equipment which directly uses the supplied signal 


* digital processing units, after conversion of the signal (e.g.: Schneider/MG Sepam 
Multifunction relays or equivalent). 


There are different types: 
* current transducers, which can be of two types: 
- CT (current transformer) 
- LPCT (Low Power Current Transducer), which is a CT with voltage output. 


+ voltage transducers, which are voltage transformers (VT) 


3.1. CURRENT TRANSFORMERS (CT) 


Current transformers have two basic functions: 


® adapt the primary current value to the standard characteristics of the measurement 
and protection instruments 


* isolate the power circuits from the measurement and/or protection circuits. 


3.1.1. Composition and types 


A current transformer consists of two circuits, primary and secondary, coupled by a 
magnetic circuit and of an insulating coating. 


The current transformer can be one of the following types: 
* with several turns at the primary winding the device is a bobbin-wound transformer 


* with a primary reduced to a single conductor passing through the transducer, it is 
one of the following types: 


- bar-type current transformer: integrated primary consisting of a copper bar 
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- through-type current transformer: primary consisting of a conductor not insulated 
from the installation 


- toroidal current transformer: primary consisting of an insulated cable. 


Ipn 


~ ae 


Isn Isn 
magnetic circuit magnetic circuit 
Wound-primary Toroidal current 
current transformer transformer 


Figure 12: The two types of CTs 


3.1.2. General characteristics 


They are defined by the IEC 60044-1 standard and contain (see table below): 


Rated voltage 


In practice, it is the rated voltage of the network (e.g.: 24 kV). 


Rated isolation level 

* maximum 1 min power frequency withstand voltage 

* maximum impulse withstand voltage. 
aoa at 24 kV the 1 min withstand voltage is 50 kV and the impulse withstand voltage 
is : 


Rated frequency 
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Rated primary current Ipn 

The maximum permanent rms value of the primary current. The commonly used values 
are 10, 15, 20 and 50A 

Rated secondary current Isn 


Equal to 1 or 5A. 


Rated transformation ratio 


Ratio between rated primary and secondary currents: Kn = Ipn/ Isn. 


Rated short-time withstand Ith for 1 second 

It characterises the equipment's thermal resistance. It is expressed in KA or in multiples of 
the rated primary current (e.g.: 80 x In). The short-time withstand current value for a short- 
circuit time t of 1 second is: I'th = Ith/ t 


Peak short-time withstand current 


The value standardised by IEC is 2.5 Ith 


Rated burden 

Value of the burden (load of accurate value) on which the accuracy requirements are 
based. 

Rated power 

It is the apparent power (in VA) supplied to the secondary circuit for the rated secondary 
current while respecting the accuracy class (secondary connected to a rated burden). The 
standardised values are 1 - 2.5-5-10-15-30 VA. 

Accuracy class 


It defines the guaranteed error limits on the transformation ratio and on the phase 
difference in specified power and current conditions. 
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Current error (€ %) 


It is the error which the transformer introduces in the measurement of a current when the 
transformation ratio is different to the rated value. 


Phase difference or phase error (w in minutes) 


Phase difference between the primary and secondary currents, it is an angle expressed in 


minutes. 


The secondary of a CT must never be an open circuit (it must be short circuited). 


Characteristics 


rated voltage (kV) insulation level: 3.6 
power frequency withstand voltage 10 
(kV) 1min 


lightning surge withstand (kV - peak) 40 
frequency (Hz) 
primary current I1n (A) 
short-time withstand current Ith (1s) 
secondary current I2n (A) 


rated power (VA) 


Note: the preferential values are shown in bold characters. 


7.2 


20 


60 


Rated values 


12 


25 


15 


17.5 


38 


95 


50 - 60 


24 


50 


125 


70 


170 


10 -12.5 -15 -20 -25 - 30 - 40 -50 -60 - 75 
and their decimal multiples or submultiples 


8 -12.5 -16 -25 -31.5 -40 -50 kA 
or 40 -80 -100 -200 -300 x In 


2.5 -5 -10 -15 -30 


1-5 


Table 5: General characteristics of the TCs 
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3.1.3. Operation of a CT 


Importance of the choice of the CT 


The operating accuracy of the measurement or 
protection equipment directly depends on the 
accuracy of the CT. 


| } —=4 
Operating principle ru | 


| | 
A CT is often connected to a relatively resistive load Eure 


| 
(resistive burden) (R, + its wiring), and can be || Voutput 3 
represented by the equivalent diagram (in this | P 
paragraph) | | 
a 
Figure 13: Equivalent diagram of a CT 
11: primary current Voutput: output voltage 
12 = Kn 11: secondary current for a perfect CT Lm: magnetising inductor (saturatable) equivalent of the CT 
Is: secondary current effectively flowing Rect: secondary resistance of the CT 
Im: magnetising current Rwiring: resistance of the connection wiring 
E: induced electromotive force RL: load resistance (burden resistance). 


The current I2 is the perfect image of the primary current I1 in the transformation ratio. But 
the real output current (Is) contains an error due to the magnetising current (Im). 


I, =I, +I,,, ifthe CT were perfect we would have Im = 0 and Is = 12. 


A CT has a unique 
magnetising curve (at a given 
temperature and frequency). It 
characterises its operation 
along with the transformation 
ratio. 


Saturated zone 


Intermediated zone 


This magnetising curve 
(voltage Voutput, depends on 
the magnetising current Im) 


can be divided into 3 zones 
Nonsaturated 
zone 


Figure 14: Magnetising 
(excitation) curve of a CT. 
Output voltage depends 
on the magnetising 
current. Voutput = f (Im) Im 
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1 - nonsaturated zone: Im is low and the voltage Voutput (thus Is) increases almost 
proportionally to the primary current. 


2 - intermediate zone: there is no real break in the curve and its is difficult to find a precise 
point corresponding to the saturation voltage. 


3 - saturated zone: the curve becomes almost horizontal; the transformation ratio error is 
high. 


3.1.4. Choice of the CT according to the application 


Measurement or protection 
We must also choose a CT with characteristics adapted to the application: 


* an instrument CT requires a good accuracy (linearity zone) in a range close to the 
normal operating current; it must also protect the measurement equipment for the 
high currents by earlier saturation. 


* a protection CT requires a good accuracy for high currents and will have a higher 
accuracy limit (linearity zone) so that the protection relays detect the protection 
thresholds they must monitor. 


3.1.5. Feasibility of a CT 


We can define the CT's overcurrent coefficient: 
Ksi=tth 1s 
lpn 
The lower Ksi is, the easier the CT is to manufacture in a given volume, thus allowing it to 
be integrated in an HVA cubicle. A high Ksi causes the cross-sectional area of the primary 
windings to be oversized. The number of primary turns and the induced electromotive 
force will be limited, making the CT difficult to manufacture. 


Ksi orders of magnitude | manufacture of the CT 
Ksi < 100 standard 
100 < Ksi < 300 sometimes difficult for some secondary characteristics 
300 < Ksi < 400 difficult 
400 < Ksi < 500 limited to some secondary characteristics 
Ksi > 500 very often impossible. 


Table 6: Feasibility of a CT 
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3.1.6. Connecting a CT 


CT with double (or triple) secondary 


A CT can have one or two secondaries (see figure), and more rarely three, for chosen 
usages (protection and/or measurement). 


Safety Py po 


A CT's secondary is used at a low impedance 
(used with almost a short-circuit). The 
secondary circuit must not be left open 
which would be equivalent to having a load of 
infinite value. In these conditions hazardous 
voltages for the personnel and equipment may 
appear at its terminals. 


Figure 15: Principle of a CT with 2 secondaries 

(2 windings in a same moulding) and 
identification of the input and output 1S1 2S1 182 2S2 

terminals. 


Identification of the terminals 
A CT is connected by terminals identified in compliance with IEC specifications: 


& P1 and P2 on the HVA side P4 | lprimary 


* $1 and S2 on the corresponding 
secondary side. If there is a dual output 


the first output is marked 1S1 and 1S2, 
the second is marked 2S1 and 2S2. 


lsecondary 


Figure 16: Current transformer with 
representation of the terminals. Po 


3.1.7. Instrument CT: classes 0.2 - 0.2S - 0.5 - 0.5S - 1 


Accuracy class 


An instrument CT is designed to transmit as accurate an image as possible for currents 
less than 120 % of the rated primary. 
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application class 
laboratory measurements 
0.1 - 0.2 
accurate metering (provers, etc.) 
industrial measurements 0.5-1 
rate metering 0.2-0.5-0.2s - 0.5s 
switchboard indicators 
0.5 - 1 


statistical metering 


Table 7: Accuracy class for HVA usage 
The IEC 60044-1 standard determines, for each accuracy class, the maximum phase and 


modulus error according to the indicated operating range (see "error limits" table). For 
example, for class 0.5, the maximum error is i + 0.5 % for 100 to 120 % of Ipn. 


(0.2S only) 0.75 
5 0.75 0.35 30 15 
0.2/0.2S 20 0.35 02 15 10 
100 0.2 0.2 10 10 
120 0.2 0.2 10 10 
1 (0.5S only) 1.5 90 
5 15 0.75 90 45 
0.5/0.5S 20 0.75 0.5 45 30 
100 0.6 0.5 30 30 
120 05 0.5 30 30 
5 3 180 
20 15 90 
100 1 60 
120 1 60 


Table 8: Error limits according to the accuracy class 
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These accuracies must be guaranteed by the manufacturer for a secondary burden 
between 25 and 100 % of the rated burden. The choice of the accuracy class is linked with 
the usage (see "Accuracy class" table). 


There are special measurement classes (0.2S and 0.5S) for metering. 


Safety Factor: SF 


To protect the measurement instruments from high currents on the HVA side, the 
instrument transformers must saturate early. We define the limit primary current (Ipl) for 
which the current error at the secondary is equal to 10 % (see figure "Saturation curve for 
an instrument transformer core..."). 


The standard then defines the Safety Factor (SF) : SF = = (preferred values: 5 and 10) 
pn 


It is the multiple of the nominal primary current from which the error becomes greater than 
10 % for a burden equal to the rated burden. 


ideal current 
transformater 


Real current transformater 
with ferromagnetic core 


for | > Ipl the saturation of the 
ferromagnetic core introduces 
an error of over 10% 


Ipl = Sf x Ipn 


Ip 
Figure 17: Saturation curve for an instrument transformer core and Safety Factor (SF) 


Example: Instrument transformer 500/1A, 15 VA, cl 0.5, SF 5 


* rated primary current 500 A 
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So 


+ 


# 


* 


rated secondary current 1 A 

rate transformation ratio 500 

rated burden 15 VA 

accuracy class 0.5 

The error limits table indicates, in class 0.5, for a primary current: 


- between 100 % and 120 % of the rated current (i.e. from 500 to 600 A), a current 
error < + 0.5 % (i.e. 2.5 to 3 A) and the phase error < + 30 minutes. 


- at 20 % (i.e. 100 A) the error imposed by the standard is < 0.75 % i.e. 0.75A 
- between 20 % and 100 % of the rated current the standard does not indicate a 
measurement point and the maximum error is between 0.5 et 0.75%, with a 


currently admitted linear variation between these two points: 


Example, at 60 % of the rated current (i.e. 300 A) the error is < 0.61 %, i.e. at the 
primary at 300 x 0.61 % = 1.83 A and at the secondary 1A x 0.61% = 0.061 A 


safety factor SF = 5 
For a primary current greater than 5 times the rated current, i.e. 500 x 5 = 2500 A 


the measurement error will be > 10 % if the burden is equal to the rated burden; for 
a lower burden we can still be in the linear part of the curve. 


Choosing an instrument CT 


Check the feasibility by calculating the Ksi (see paragraph "Feasibility of a CT") and also 
check with the supplier. 


Primary 


+ 


$ 


isolation rating to be chosen from the values in the "CT general characteristics" 
table (E.g.: for a service voltage of 20 kV: 24 kV, 50 kV-1min, 125 kV peak) 


rated frequency: 50 or 60 Hz 


rated short-time withstand current and admissible time Ith and withstand time, given 
by the network's short-circuit current. 


rated primary current to be chosen from the "CT general characteristics table". 


Secondary 
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* rated secondary current 1 or 5A 
* rated power by adding: 


- the consumption of the measurement equipment to be connected to the 
secondary, given by the characteristics of this equipment 


- the losses in the connecting conductors, which are generally negligible. 
To calculate them for a copper conductor, use the relationship: P(VA) = Ke, where 


- P = power consumption in VA in the outgoing and return connecting wires 
- K = 0.44 with secondary 5A and 0.0176 with secondary 1A 


- L = length of the outgoing and return wires (in meters) between the secondary and 
the equipment 


- S = cross-sectional area of the wires (in mm”) 


Note: these values are valid for an ambient temperature of 20 °C; provide 
corrections for higher temperatures. 


* safety factor (SF) = 5 (minimum recommended by the standard) or 10 (for Merlin 
Gerin CTs) except on special demand. The value will be chosen according to the 
short-time withstand current of the receivers. 


Example of an ammeter which is guarantee to withstand a short-time current of 20 Ir (Ir 
rated current) i.e. 100 A for a 5 A device. To be sure that this device is not destroyed if 
there is a fault current on the primary, the associated current transformer must saturate 
below 20 Ir. An SF of 5 is suitable if the CT's burden is equal to the rated burden. 
Otherwise, we must check, according to the CT used, what the real saturation point is. 


Summary 


Instrument CTs must have an accuracy adapted to the nominal current. 


They are characterised by their Example :500/1 A. 15 VA, cl 0.5, Fs 5 
accuracy Class (normally 0.5 or 1) a | | 
and a safety factor Fs. | 

primary current accuracy + safety factor 


secondary current class 
rated burden 


(see explanations in the example at the bottom of the page 


Figure 18: Example of an 
instrument CT designation 
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3.1.8. Protection: classes P and PR 


Accuracy class 


A protection CT is designed to transmit a true an image as possible of the fault current 
(overload or short circuit). The accuracy and the power are adapted to these currents and 
distinct from those of the instrument CT. 
application class 
homopolar protection oF 
differential protection 


impedance relay, amperometric protection 10P 


Table 9: Accuracy class P according to the application 


accuracy composite errorin the — current error between phase error (1) 
class accuracy limit current lpn and 2lpn [ rated current 
SP 5% +1 % + 60 minutes 
10P 10 % +3% no limit 


Table 10: Error limits according to the accuracy class 
Class P 
For each accuracy class the IEC 60044-1 standard determines the maximum phase and 
modulus errors according to the indicated operating range (see table "Error limits" in this 
paragraph). For example, for class 5P the maximum error is < + 5 % at the rated current 
limit and i+1 % between 1 and 2 Ipn. 


The standardised classes are 5P and 10P. The choice depends on the usage (see table 
"Accuracy class P"). The accuracy class is always followed by the accuracy limit factor. 


Class PR 


It is defined by the remanence factor, the ratio of the remanent flux to the saturation flux, 
which must be less than 10 %. 


Like the P classes, we define the classes 5PR and 10PR. 


Class PX 


See following paragraph dedicated only to the class PX current transformer 
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Classes TPS, TPX, TPY, TPZ 

These specific classes (IEC 60044-6 standard) concern the CTs which must act during the 
short-circuit's asymmetric transient phase. They take into account the additional flux then 
due to the presence of the continuous component. 

Accuracy limit factor: ALF 

A protection CT must saturate to a sufficiently high level to allow relatively accurate current 
measurements by the protection. The operating threshold of this protection can be very 


high. 


We define the limit primary current (Ipl) for which the current and phase errors at the 
secondary do not exceed the values in the "Error limits..." table. 


The standard then defines the Accuracy Limit Factor (ALF). 


ALF --., (standardised values: 5 - 10 - 15 - 20 - 30) 
pn 


In practice, it corresponds to the CT's linearity limit (saturation curve). 


Real accuracy limit factor: ALFr 


A CT's ALF is given for the rated power (Pn), i.e. the rated secondary current Isn 
connected to the rated burden Rn. 


For the real burden of the relay, we have a power Pr for a burden Rp. 


Output voltage (V) 


operating point of the CT with burden Pn 
and through which flows the same limit 
primary current Ip! = ALP Ipn 


operating point of the CT with burden Pr (lower burt 


Imr Imn magnetising current Im 


Figure 19: Operating point of a CT on the magnetising curve according to its burden. 
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Since the magnetising curve is unique, the ALFr (real) corresponds to the saturation curve 
calculate for the resistance Rp of the real burden (burden + wiring). 


Rct+ Rn _ ALF Pi+Pr 


, where 
Rct + Rp Pi+Pn 


Its value is: ALFr = ALF 


Rect = resistance of the CT's secondary winding 

Rn = resistance of the rated burden with its wiring 

Rp = résistance of the protection relay with its wiring 

Pi = Ret Isn2 the CT's internal losses 

Pn = Rn Isn2 the CT's rated power 

Pr = Rr Isn2 the consumption of the transducer's real burden 
Isn = rated secondary current (nominal). 


Using a CT with a burden Pr< Pn results in a real ALF > ALF (see curve). For a burden 
Pr < Pn, the saturation curve is not reached at the ALF. The real ALF Is therefore greater. 


Operating conditions 

To be sure that the CT does not disrupt the operating accuracy, it must not saturate until 
the setting threshold is reached. It is usual to use a "safety factor". Depending on the 
protection (and the circuits supplied by the secondary), we check if: 


* Definite time overcurrent protection 


ALFr > 28 (Ire = relay setting current, lpn = CT rated primary current) 
n 


Example: CT 200/5 - 10 VA - 5P10 for a motor In = 160 A protected at 8 In. 


We have 2 = 9109 ~ 6.4 and we must have ALFr = ALF 2+ RM _ jp Rett Rn jg 
Ipn 200 Rct + Rp Rct + Rp 


greater than 


2x6.4=12.8 (ALFr > 12.8) 


Note: For a relay with two thresholds, use the highest threshold. 


+ Inverse definite minimum time overcurrent protectino 


Depending on the receivers, the necessary ALFr must respect the accuracy of the 
useful part of the inverse definite minimum time curve. The verification of this condition 
depends on the application, the relay and the maximum short-circuit current. 
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We must know the threshold where the relay becomes a definite time relay. Therefore 
see the manufacturer's data sheet. 


Example 


Protection CT: 100/5 A, 30 VA, 5P15., i.e. 


Ps 


# 


+ 


rated primary current 100 A 

rated secondary current 5A 

transformation ratio 20 

rated power 30 VA 

accuracy class 5P 

Under a burden corresponding to the rated power of 30 VA, the error limits table 


indicates (independently of the rated power) that the error is < +1% and +60 
minutes between 1 and 2 Ipn (i.e. 100 to 200 A); for 100 A this corresponds to an 


error < 1 A at the primary and < 5 x 0.01 = 0.05 A at the secondary. 


* accuracy limit factor 15 


With a burden corresponding to the rated power, the error is < +5% i.e. at the 


primary for 1500 A error i 75 A, and at the secondary < 3.75A 


Choosing a protection CT 


The approach is the same as that used for the instrument CT (see previous paragraph) but 


we take the ALF conditions instead of those of the SF. 


Summary 
The accuracy of the protection CTs must be adapted to the fault currents. 


They are characterised by their 
accuracy class (5P, 10P or 5PR, Example : 100/5 A, 15 VA, 5P15 
10PR) and the accuracy limit 


factor (ALF). primary current accuracy 


secondary current class 
; rated burden 
Figure 20: Example of a (see explanations in the example) 
protection CT designation 


safety 
factor 
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3.1.9. Protection CT: class PX 


Class PX (IEC) and class X (BS) 


Class PX defined by the IEC 60044-1 standard meets most of the specifications of the 
BS 3938 standard which specifically defines the "protection" winding secondaries under 
the designation class X. 


Class PX corresponds to another way of specifying a CT's characteristics from its knee 
voltage, hence the designation Vk. 

Response of a CT in saturated condition 

The CT saturates when it is subjected to a very high primary current. The secondary 
current is no longer proportional to the primary current because the current error which 
corresponds to the magnetising current becomes very high. (See table "CT operating 
characteristics"). 


Knee voltage Vk 


It corresponds to the point on the current transformer's magnetising curve where a 10 % 
increase in the voltage E requires a 50 % increase in the magnetising current Im. 


| secondary 


Figure 21: Magnetising curve of a CT 


The knee voltage can be linked to the ALF (accuracy limit factor) as shown in the diagram. 


The CT's secondary fulfils the equation: (Rct + RL + Rwiring) x ALF x Isn2 = a constant 
where 


Isn = secondary rated current 
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P1 y 

RL: resistive load (resistive 

burden) 
7 a! ieee R wiring 


Isaturation = ALF x Isn 


L_t 


Figure 22: Equivalent R burden 


diagram of a CT's 
secondary circuit 


Voutput 


ps eee ee 


3.1.10. CT connected to a phase overcurrent protection 
Definate time overcurrent protections 


t Definite time t Definite minimum time 


He ae 
i 
| 
| 
| 
| 


Ide max | saturation 


| setting | saturation 


Figure 23: CT connected to a phase overcurrent protection 
If the saturation is not reached for 1.5 times the setting current value, the operation is 
assured whatever the fault current (figure on left). 
(Inverse) definite minimum time overcurrent protections 


The saturation must not be reached for 1.5 times the current value corresponding to the 
maximum of the useful part of the operating curve (figure on right). 


3.1.11. Differential protection CT 


The CTs must be specified for each application according to the protection operating 
principle and the component protected; see the technical manual for the protection 
concerned. 
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Protected zone 


Figure 24: Differential protection CT 


Summary 


The class PX protections are defined from 
the knee voltage. 


It can be linked to the ALF. 


3.2. LPCT PHASE CURRENT TRANSDUCERS 


3.2.1. Low Power Current Transformers (LPCT) 


LPCTs (Low Power Current Transducers) are special 
low power current transducers with a direct voltage 
output, meeting IEC 60044-8. 


§{_aeewnennneene 


Figure 25: LPCT connection diagram 
LPCTs perform measurement and protection functions. 
They are defined by: 
* the nominal primary current, 
® the extended primary current, 
* the accuracy limit primary current. 


They have a linear response over a large current range and only start to saturate beyond 
the currents to be cut off. 


3.2.2. Examples of LPCT characteristics according to the IEC 60044-8 standard 


These characteristics are summarised by the curves in this paragraph (the accuracy 
classes are guaranteed over extended current ranges - in this case class 0.5 for 
measurement for 100 to 1250 A and protection class 5P from 1.25 to 40 kA). 


They are the maximum error limits (in absolute value) for the current and the phase 
corresponding to the accuracy class for the examples given. 
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They use the error limits indicated for these classes (table "Error limits" in paragraphs 
"Instrument CT" and "Protection CT") but for much wider current ranges, hence the 
advantage of this type of transducer. 


Modulus 


| 
| | | 
| | | 
Phase | | | 
(min) | 
90 | | 
\ | | | 
x7 | | 
| ! 
45 i | 
30' + -| 
| 
, ot | 
| | 
5A 20A 100A 4kA | 10kA 
1.25 kA 40 kA 


Figure 26: Accuracy characteristics of an LPCT (e.g.: Merlin-Gerin CLP1) 


Example for measurement class 0.5 
* Nominal primary current lpn = 100 A 
* Extended primary current Ipe = 1250 A 
* Secondary voltage Vsn = 22.5 mV (for 100 A at the secondary) 
* Class 0.5: 


O accuracy (see definitions at the start of chapter 4.1) for: 
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- primary current modulus 0.5 % (error € i + 0.5 %) 


- primary current phase 60’ (error w i 60 minutes) over a range from 100 A to 
1250 A 


O accuracy 0.75 % and 45’ at 20A 


accuracy 1.5 % and 90’ at 5 A which are two measurement points specified by 
the standard. 


Example for protection class 5P 
* Primary current lpn = 100 A 
* Secondary voltage Vsn = 22.5 mV 
* Class 5P 
O accuracy (see definitions at start of chapter 4.1) for: 
- primary current modulus 5 % (error € i +5 %) 


- primary current phase 60’ (error w i 60 minutes) over a range from 1.25 kA to 
40 kA. 
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3.3. RESIDUAL CURRENT SENSOR — a ee 
Irsd= 3 1lO=N+12+1 
3.3.1. Homopolar current - residual current 19 
The residual current which characterises the earth fault 
current is equal to the sume of the vectors of three phase 
currents (see figure). Tea = 
Figure 27: Residual current ~ 
11 
Its value is 3 times that of the homopolar current 10, (resultant 
of the analysis of symmetrical components), where I0 = U / 
e ZN 
> 
[2 
3.3.2. Fault current detection 
Measure- rare Minimum 
ment fae protection Configuration Configuration with neutral 
sensors Y threshold (*) | 
| 
mee oma | 1 whe Neutral 1G 
“i | ~h Irsd Ir 
wv 
aie 
eee 
1 a 
oil ~ 
Homopolar +++ | Afew amps 
torus Ee 
Direct measurement by specific 
homopolar torus directly connected to It can also be installed in the 
the protection relay; it is a transformer | accessible neutral earth connection. 
which surrounds the active conductors A high measurement accuracy is 
and which directly picks up the obtained 
residual current 
iL —+r—u | Neutral 
MW ot 6UTRNI . 
on as 51G 
i] af ate 
j i i h\iorsa 1orsSA 
1 1 ' ; 
| Vit p= p= 
Toroidal CT. iy 
+adaptor ++ 10% ofInCT. i 7 
torus 


The toroidal CT can be installed in 
the accessible neutral earth 
connection with an adaptor 

We obtain a good measurement 
accuracy and a high flexibility in the 
choice of CTs. 


Differential measurement by classic 
toroidal CT surrounding the active 
conductors and picking up the 
residual current; a specific torus acts 
as an adaptor to the protection relay 
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TOTAL 
Measure Minimum 
ACcu- ‘ 
ment ae protection 
sensors Y threshold (*) 
3 phase CTs 
+ adaptor ++ = 10% of InNCT 
torus 
3 phase CTs 
Irsd + 
calculated 
by relays Without restraint H2 


- 30% IncT 


- 10% de InCT 
(IDMT) “? 


With restraint H. 
finer adjustments 
can be admitted 

10% of InCT (DT) 


5% of InCT (IDMT) 


Configuration Configuration with neutral 


Measurement of currents in the 3 
phases with one CT per phase, and 
residual current measurement by 
specific torus. 


In practice, the recommended 
residual current threshold must be: 


- IsO = 10 % InCT for protection at 
definite time if 
| le time-delay > 300 ms and = 30 % 
se InCT if time delay < 300 ms 


- IsO > 10 % for protection at definite 
minimum time whatever the time 
delay 


Calculation from the current 
measurements in the three phases 
with one CT per phase. 


5iN 


- the residual current is calculated 
by the protection relay 


The measurement accuracy is disrupted by errors; sum of the errors of the 
CTs and of the saturation characteristics, calculated current 


The configuration is simpler than in the previous case but the measurement 
accuracy is lower. 


In practice, the adjustment of the earth protection thresholds must respect 
the following conditions: 


- IsO > 30 % InCT definite time protection (10 % InCT with protection relays 
equipped with harmonic restraint 2) 


- lsO >10 % InCT definite minimum time protection. 


(1) DT (Definite Time): definite time curve - IDMT (Inverse Definite Minimum Time): definite minimum time curve 


(2) restraint H2: which takes into account the second order harmonics (H2), characteristic of a false residual 
current due to the saturation of a CT. 


* Minimum recommended protection threshold for earth protection 


Table 11: The different residual current detection principles 
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The phase CTs do not give a true transformation of the homopolar component 
(continuous). The residual current must therefore be detected. This detection can be 
performed in several ways (see table) according to the desired sensitivity and the wiring 
possibilities of the relay used: 


* direct measurement of the residual current Irsd by a homopolar torus adapted to the 
relays used 


* differential measurement of the residual current by conventional toroidal CT with 
output 1A or 5A and adaptation to the relay used by homopolar torus (e.g.: 100/1 A 
toroidal CT and ACE 990 adaptor torus associated with a multifunction relay. The 
detection relay's sensitivity can be improved by carefully choosing the toroidal CT 
(E.g.: in the previous case, if the relay does not allow a sufficiently sensitive 
adjustment, the sensitivity can be halved by changing from 100/1 CT to a 50/1 CT.) 


* phase current measurements by 3 toroidal CTs and the residual current by an 
adaptor torus 


* measurement of the phase current individually by 3 toroidal CTs and calculation of 
the residual current by digital relay. 


The adjustment of the recommended thresholds must prevent spurious trips. For more 
details of the multifunction relays, see the possibilities according to the characteristics 
(manufacturer's technical documentation). 
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3.4. VOLTAGE SENSORS (VS) 


3.4.1. Voltage transformer (VT) 


Voltage transformers have two main functions: 


* adapting the HVA current value of the primary to the characteristics of the 
measurement or protection devices by a low proportional secondary voltage 


* isolating the power circuits from the measurement and/or protection circuit. 


3.4.1.1. Composition and type 


They consist of a primary winding, a magnetic circuit and one or more secondary windings, 
all coated in an insulating resin. There are two types, according to their connections: 


* phase/phase: primary connected between two phases 


* phase/earth: primary connected between one phase and earth. 


3.4.1.2. General characteristics 


They are defined by the IEC 60044-2 standard and have the following characteristics (see 
table): 


Voltage transformer characteristics table 


Characteristics Rated values 
isolating voltage (kV) 3.6 - 7.2 -12 17.5 24 36 
power frequency withstand voltage (kV) 10 20 28 38 50 70 
1 min 
lightning surge withstand (kV - peak) 40 60 fee) 95 125 170 
frequency (Hz) 50 - 60 | | 
primary voltage Upn (kV) | Ba ee A ae ane 
(divided by e if single phase) | 3 -3.3 -6 -6.6 -10 -11 -13.8 -15 - 16.5 - 20 -22 
secondary voltage Usn (V) 100 - 110 or 100 / 43 -110/ V3 
rated power (VA) 10 - 15-25 - 30-50- oe - 150 - 200 - 300 - 400 - 


Table 12: Operating characteristics of a VT 
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Rated voltage 


In practice, it is the rated voltage of the installation (e.g.: Ur = 24 kV). 


Rated isolation level 

* maximum 1min power frequency withstand voltage (Ud in kV) 

# maximum impulse withstand voltage (Up in kV peak) 
E.g.: with 24 kV the 1 min withstand voltage is Ud = 50 kV and the impulse withstand 
voltage is Up = 125 kV peak. 


Rated frequency 


Rated primary voltage Upn 
Depending on their design the voltage transformers are connected: 
* either between phase and earth and in this case Upn = Ur/e 


* either between phases and in this case Upn = Ur 


Rated secondary voltage Usn 


In practice, in Europe 100 V or 110 V is used for phase/phase voltage transformers. For 
single phase phase/earth transformers the secondary voltage must be divided by V3 (100 / 


V3 or 110/ V3) 


Rated transformation ratio 

It is the ratio between the rated primary and rated secondary currents: Kn = Upn/ Usn 
This ratio is constant and the secondary voltage is independent of the burden. 

Rated power 

It is the apparent power (in VA) which the VT can supply at the secondary for the rated 


secondary voltage for which the accuracy is guaranteed (secondary connected to the rated 
burden). See the standardised values in the characteristics table. 
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Accuracy class 

It defines the guaranteed error limits on the transformation ratio and on the phase error in 
specified power and voltage conditions. 

Voltage error (€ %) 

It is the error which the transformer introduces in the voltage measurement when the 
transformation ratio is different to the rated value. 

Phase difference or phase error (w in minutes) 

Phase difference between the primary and secondary voltages, expressed in minutes of 
angle. 

Rated voltage factor KT 

It is the factor, which is a multiple of the rated primary voltage and which determines the 
maximum voltage for which the transformer must meet the specified heating and accuracy 
requirements. This maximum operating voltage depends on the network's neutral point 


arrangement and on the primary winding earthing conditions (see "Voltage factors table"). 
The voltage transformer must be able to withstand it until the fault is eliminated. 


pats Rated time een A ee d Network neutral point arrangement 
continuous between phases any 
1.2 between the neutral point of 
continuous the star-connected any 
transformer and earth 
1.2 continuous 
between phase and earth directly earthed 
1.5 30s 
te continuous between phased eanh earthed by limiting resistor with 
19 30 s P automatic elimination of the earth fault 
lias continuous | ibeiWedadhaséand Sanh isolated neutral without automatic 
1.9 8h P elimination of the earth fault 
a a continuous |. (AetwesAwhaseandearn earthed by limiting resistor with 
19 Sh e automatic elimination of the earth fault 


Table 13: Rated voltage factor KT 
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Heating power 

It is the apparent power which the transformer must supply in continuous operating 
conditions at its rated secondary voltage without exceeding the temperature limits in the 
standards. 

Operation of a VT 

The operation of a VT is more simple that that of a CT because the secondary voltage is 
almost independent of the burden since it is connected to a high impedance (operates 
almost as an open circuit). 

Also, the secondary must not be short-circuited. In these conditions an excessively 


high current would damage the transformer. 


Connecting a VT 


phi 
U U 
HVAILV Is ph2 
@Diuma: . 
phase-phase 
IS : secondary current U/¥3 
Us : secondary voltage phase-earth 


Zc : burden impedance 


Figure 28: Simplified diagram and connection of a VT 
It can be between phases or between phase and earth (see diagram) and the connections 
are made on the terminals with France markings, as for the CTs. 
VT configurations 
There are several measurement configurations possible (see figure) 


* 3 transformers in star configuration: requires 1 isolated HVA terminal per 
transformer 


* 2-transformer configuration, called a V configuration: requires 2 isolated HVA 
terminals per transformer. 
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Example Example 
fx*\Y——- Un/ 100 

Un/ v3 : A, VU 

100/33 


V's in star arrangement and example of transformation ratio VT's in V arrangement and example of transformation ratia 
Figure 29: Example of a VT configuration 
Summary 
Voltage transformers (VT) meet the IEC 60044-2 standard. Their function is to supply a 
voltage at the secondary which is proportional to that of the HVA circuit in which they are 
installed. The primary, installed in parallel on the HVA network between phases or 


between phase and earth is subject to the same overvoltages as the network. 


The secondary delivers an almost constant voltage whatever the burden. The secondary 
must never be short-circuited. 


In an isolated neutral point arrangement, all the phase-neutral VTs must be suitably loaded 
to avoid the risks of ferroresonance. 


3.4.2. Residual voltage measurement 


~ 
V3 

59N 

Visd vy CO 5 

! ab} 

En 
| V2 
Direct residual voltage measurement Residual voltage Residual ce calculation 


Figure 30:Residual voltage measurement 


The residual voltage which characterises the neutral point potential with respect to earth is 
the sum of the vecto of the three phase-earth voltages. 


The residual voltage is equal to 3 times the homopolar voltage VO. 
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The appearance of this voltage indicates an earth fault. It is obtained by direct 
measurement or by calculation: 


* measurement by three voltage transformers whose primaries are in star 
configuration and whose secondaries are in open delta configuration which deliver 
the residual voltage (Figure on left) 


* calculation by the relay from three voltage transformers whose primaries and 
secondaries are in star configuration (Figure on right). 


Important: it is impossible to measure a residual voltage with phase/phase VTs 


3.4.3. Instrument voltage transformer 


Accuracy class 


These devices are designed to give as accurate an image as possible of the rated primary 
voltage between 80 and 120 % of this voltage. 


The accuracy class determines the admissible phase and modulus error in this range for 
the rated burden. 


It is valid for all loads between 25 and 100% of the rated power with a inductive power 
factor of 0.8. 


Application Class 


Laboratory measurements 


Accurate metering (provers, etc.) ie 
Industrial measurements 
Rate metering 05 
Switchboard indicators 
Statistical metering 1 


Table 14: Accuracy classes for HVA usage 


The "accuracy class according to the HVA use" gives the commonly used classes 
according to the applications. 


* class 0.5 correspond to an error < + 0.5 % for the rated primary voltage, with the 
rated burden at the secondary 
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* class 1 corresponds to an error < + 10 % in the same conditions. 


For a given accuracy class the voltage and phase errors must not exceed the values in the 
table. 


Example: 


20000 110 400 VA, cl 1 


BB 


4 rated primary voltage 20000 V //3, rated secondary 110 V/ V3 


Instrument voltage transformer 


& rated burden 100 VA 


% accuracy class cl.1. The table of "error limit values according to the measurement 
accuracy class" indicates that for: 


O aprimary voltage between 80 % and 100 % of the rated voltage (16,000 to 
24,000 V) 


oO aburden between 25 % and 100 % of the rated power, i.e. between 25 VA 
and 100 VA with an inductive power factor of 0.8, the measurement errors 
will be i +1 % in voltage and i +10 minutes in phase angle. 


pderombrinale Voltage error Phase error 
accuracy class (ratio) + % + minutes 
0.1 0.1 tS) 
0.2 0.2 10 
0.5 0.5 20 
7 1.0 10 


Table 15: Error limits according to the measurement accuracy class 


3.4.4. Protection voltage transformer 


Accuracy class 


These devices are designed to give as true an image as possible of the voltage in the 
event of a fault (voltage drop or overvoltage). 
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Therefore their accuracy and power must be adapted to the fault voltages and thus be 
distinct from those of the instrument transformers. 

In practice, accuracy class 3P is used for all the applications and the voltage and phase 
limits given in table "Error limits for protection accuracy classes" 


Recurseviclase Voltage error Phase error 
y (+ %) between (minutes) between 
5% of Upn 2% of Un 5% of Un 2% of Upn 
and KT Upn and KT Upn and KT Upn and KT Un 
3P 3 6 120 240 
6P 6 12 240 480 
KT: overvoltage factor Upn rated primary voltage 


Table 16: Error limits for protection accuracy classes 


They are guaranteed for all loads between 25 and 100 % of the rated power with an 
inductive power factor of 0.8. 


Example: 


ee, 100 VA, 3P, KT = 1.9 8h 


8 8 


rated primary voltage 20000 V //3, rated secondary 110 V //3 


Protection voltage transformer 


% rated power 100 VA 
* accuracy class 3 P. The table of limit values indicates that for: 


O aprimary voltage command of 5 % of the rated voltage at KT time the rated 
voltage, i.e. of 20000 x 5 % = 1000 V at 20000 x 1.9 = 38000 V 


o aburden between 25 % et 100 % of the rated power, i.e. between 25 VA and 
100 VA with a power factor 0.8, the voltage measurement errors will be < +3 
% and the phase measurement errors < +120 minutes. 


In practice, a cl.05 measurement output allows a protection class of 3P (the reverse 
is not true) 
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3.5. OTHER HV ACCESSORIES 


With the two other courses SE100 and SE110 we have almost covered all the HV cubicle 
equipment, 


Let us see what still remains to be done. 


3.5.1. Connectors for measurement and calibration by injection 


The same connectors equip the LV cubicles. 

If you wish to check a reading (using an external instrument) or calibrate the protection 
relays by injecting current and voltage, it is better to have connectors (Sockets, etc.) 
designed for this purpose on the front panel. On-site the switchboards are equipped with 
these connectors. 


There are two measurement possibilities: current (from CTs) and voltage (from HV VTs) 


Current connector 


In "normal" position the connector provides the continuity by closing the circuit of one of 
the branches of each CT (instrument or protection). 


The CT's other branch is looped in series, possibly on other equipment. 


In injection position the circuit remains closed (by integrating the current source) through 
the male connector, making the contact on 2 sides. 


The injection current passes through the CT since the totality of the impedances are 
retained for all the measurements. 


This is no problem at the primary of the CT since it is not reversible... (See drawing). 
Taking a measurement while the installation is operating is not recommended. 
Even if the connector provides the continuity when the male connector is inserted or 


removed, there is always a risk at the level of the connection and a handling risk with the 
measurement instrument. A CT with its circuit open will cause a trip. 
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Test current box 
or connector 


Multifunction 


relay 


or current 
mesurement 


relay 


Detail view of a pin of the connector in 
current injection position 


Three-phase current 
injection box 


Figure 31: Current injection principle with current connectors 


Voltage connector 


It is a branch which brings the 2 secondary terminals of the VTs (connected directly to the 
phases in LV) to the connectors. 


In "normal" position (i.e. in operation) the measurements do not pose any problems; 

In injection position, the male connector does not open the voltage circuit (at least the 
connectors | have seen do not open the circuit), the VT fuses must be removed (HV and 
LV) for safety reasons to avoid voltage being produced at the primary. 


If you carry out measurements or calibrations, the installation is shut down, your 
colleagues may be working in the HV cubicles... 
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Test and calibration 
u1 


Current test Multifonction 
box relay or other 


Voltage test 
box 


Figure 32: Measurement and test principle with U and | injection 


The separate mobile test equipment is used for current and voltage (I have never seen a 
mixed test kit, but they must exist). Examples of injection kits are given below. 


| eeee-- ose Bi 
=a =| |: am 


o:'e: se eece & 
ss «238° 
| a lr ad 


eo 
| 
ao 2 


Figure 33: Current injection kit and voltage injection kit 
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TOTAL 


Now you just have to put it all into practice. Calibration, checks and calibrating relays is not 
just learned on paper, it is not just theory. The protection relays must be checked in real 
conditions during maintenance and "on the job"! 


Circuit breaker 


transformer 


ot 
cable connections “SS 


Figure 34: HV cubicle equipment 


So go and take a closer look at the HV (and LV) equipment on your site, consult the 
regular maintenance programmes and if nothing is planned with respect to (effective) 
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protection relay checks, and if there are no injection kits available, then your maintenance 
schedule is incomplete... 


3.5.2. SF6 pressure indicator 


Let us continue looking at the HV cubicle equipment. 


On the front of the HV switch / relay cubicles there may be a pressure indicator as shown 
in the figure for ABB equipment, for which the pressure of the SF6 gas is fixed in the 
factory at 1.2 bar.a (bars absolute). 


This pressure indicator differs from a 
pressure gauge in that it is temperature- 
compensated. 


Figure 35: SF6 gas pressure indicator 


The accuracy of this gauge varies slightly 
with temperature. It is + 1% at + 20°C (i.e. 
+2 0 mbar) and + 2.5 % (i.e. + 50 mbar) 
within the operating limits - 20°C/+60°C. 


The sealing of these instruments is tested in the factory to ensure that there is a leak rate 
of less than 0.1% per year. However, since regular sampling is carried out, the pressure 
will inevitably fall and the system must be refilled. All SF6 equipment (all makes) has a 
filling system. 


3.5.3. Connecting the HV cables 


See course EXP-MN-SE130 giving details of the various 
connection possibilities and the types of cables connected 
to the HV cubicles. 


Tip: an HV cable head terminal must be made "calmly" 
and respecting the manufacturer's instructions (stripped 
lengths, insulation length/quantity, bend radius, etc.). 


Figure 36: Connecting the cables in HV cubicles 
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4. HVA MOTOR PROTECTION 
4.1. STARTING HVA MOTORS 


4.1.1. HVA starting procedures 

The main starting procedures for HVA motors are the following: 
* direct starting at full voltage 
* stator starting at reduced voltage by reactance coil (choke) or by autotransformer 
* rotor starting. 


And as shown in the figure: 


LC LC LC 
sc sc 
CPN 
\ f \ choke autotransformater P ‘ ; 
direct stator starting rotor starting 


Figure 37: Main HVA motor starting procedures 
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4.1.2. Choosing a starting method 


Resisting torque curves of the machines to be driven (loads) 


We must know the resisting torque curve of the load according to the speed. 
The figures (curves) provide a reminder of the commonly encountered cases. 


si y i 


constant 


parabolic 


Tn 


T =Keu? 


a ®, o 


Parabolic (or quadratic) torque 
ex : pumps, fan, compressor 


Constant torque 
ex : conveyors, extrusion, piston compressor 


High starting torque 
ex : crusher, mixer 


Figure 38: Different types of starting torque 


Symbols used: 

U supply voltage 

Un motor rated voltage 

Ud voltage across the terminals during starting 
! supply current 

In motor rated current 

Id motor starting current at full voltage 

I'd motor starting current at reduced voltage 
Tm motor torque 

Tr resisting torque 

Tn motor nominal torque under load 

Td motor starting torque at full voltage 

T'd motor starting torque at reduced voltage 
wn motor nominal angular rotation speed under load 


Adapting the resisting torque to the motor torque 


The operation of the assembly consisting of the motor and the driven machine is governed 


by the mechanical equation: Cm—Cr = J < where 
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Tm = motor torque 
Tr = resisting torque 


J = inertia of the machine 


da ; 
— = angular acceleration. 


If we call Ta the average accelerating torque over the starting time At, from the initial value 


W = 0 up to w,: 


Ta = (Tm -Tr) average = J On a 


hence the starting time At = J r 
a 


The accelerating torque is represented by the blue zone in the figures. 


Accelerating torque (area) 


Tm 


om 


Accelerating torque reduction 


Tm 


Starting limit 


Tm 


® 


The real motor torque varies according to 
the square of its supply voltage U: 


rm =m) * 
m= ma 


Figure 39: Accelerating torque 


Example: if we divide the voltage by 2, 
the torque is divided by 4. 


The smaller the supply voltage U the 
smaller the accelerating torque Ta (blue 
zone) (see examples in figures (1) and 
(2)) and therefore the starting time which 
is inversely proportional to it will be 
longer. 


After determining the starting method and 
characteristics we must check that the 
starting can effectively take place i.e. that 
the motor torque is always higher than 
the resisting torque (limit case shown in 
figure (3)). 


We must also check that the current 
demand on the network and the 
corresponding voltage drop are 
admissible by the network. 
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4.1.3. Direct starting at full voltage 


This starting method (fig. 1) is used for induction motors with caged rotors and for 
synchronous motors. 


The current peak during starting is of the order of 4 
HVA ; 
to 7 In depending on the motors, for a time of 1 to 10 
seconds approx., depending on the total inertia 
(motor + machine), the motor torque and the 
resisting torque. 


fuse 


| 
| 
| 
| 
| circuit breaker This starting method requires that: 


* the network will accept this current overload 
without too much disruption, 


co # the driven machine supports the mechanical 
l_------- pals impact due to the motor torque. 


control 

unit 
Also, the thermal impact limits the number of starts 
over time (interval between two starts and number of 


starts per hour). 

However, the simplicity of the equipment and of the 
motor mean that this starting method is cheap and 
very commonly used. 


Figure 40: Direct starting at full network voltage 


4.1.4. Stator starting at reduced voltage by choke 


In HVA, the star-delta starting is not used due to the high peak currents during the 
switchover to delta. It is replaced by choke starting. 


Principle 


We reduce the current demand on the network by inserting a reactance coil (choke) which 
is then short-circuited. Thus the voltage at the motor terminals gradually increases due to 
the voltage across the terminals of the reactance coil (proportional to L di/dt): the initial 
starting is damped. 


But this starting method can only be used if the driven machines start off-load, and thus 
with a relatively low torque during initial starting: centrifugal pumps, converter units, etc. 
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HVA 


Figure 41: Stator starting at reduced voltage by 
reactance coil (choke) 


Since the torque T of an induction motor varies 
according to the square of the supply voltage U, 
then the input current | during starting is proportional 
to this voltage. The torque thus varies in the ratio of 
the square of the currents. 


2 
oa) and I'd a7 thus 
Un 


protection and 
control unit 
The choke, by reducing the current demand, also 
reduces the torque by the square of the reduction 


ratio. It also deteriorates the cos o. This starting 
method is thus limited to the applications mentioned. 


Figure 42: Variations in the ratios I'd/Id and T'd/Td 
according to the ratio Ud/Un of an induction motor. 


E.g.: a reduction in the voltage by a ratio of 0.4 reduces 
the current in the same ratio and the torque by the square 
of the ratio, i.e. 0.16. 


Operation 


= Phase 1: running at reduced voltage due to the choke by closing the line contactor LC. 


= Phase 2: normal running by closing the self's short-circuiting contactor. 


Determining a starting reactance coil (choke) 


The starting voltage is determined by the maximum current demand I'd authorised on the 
network: 
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I' . : : 
a the composite voltage drop in the reactance coil 
d 


U,=U 


n 


has the value U, -U, = jxV3xLx@xI', (see diagram) 


j. Leol'yv3 


Figure 43: Vector diagram for determining L 


This relationship can be written arithmetically because the 
power factor of an induction motor, at the initial moment of 
starting, corresponds in practice to that of a starting choke 
(@aq = phase error between Ug and Iq = 90°) hence: 


To completely dimension the choke, we must know the starting time and the rate of the 
operations. 


4.1.5. Stator starting at reduced voltage by voltage regulator (self starter) 


A central control unit applies a voltage reducing the 
opening angle of the thyristor modules (see figure) and HVA 
then the voltage is varied very gradually to accelerate 

the motor up to full speed. 


Figure 44: Stator starting at reduced voltage by 
thyristors (such as SoftStart) 


This starting method provides smooth starting. It can be 
used: 


® for current limiting: the current is set to a value of 
3 to 4 x In during the starting phase since the 
starting torque is reduced. This method is 
particularly well-adapted to "turbomachines" 
(centrifugal pumps, fans, etc.) 


* for torque control: the torque performances are 
optimised. This method is more especially 
adapted to centrifugal pumps and constant 
torque machines or machines with a high 
resisting torque during starting. 


protection and 
control 
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4.1.6. Stator starting at reduced voltage by autotransformer 


Principle 


This starting method is sometimes used to reconcile reduced current demand on the 
network and the value of the engine torque. It has the advantage of reducing the current 
demand by the square of the transformation ratio. 


ta ta (Ua SoC (Us) 
Un and Ch Ch Un 


In In 


These relationships are used to determine the reduced voltage value according to the ratio 


if ae ok ; 
= authorised on the network or to the ratio 7 authorised by the driven machine. 


n n 


Operation 


HVA LC: line contactor 

SC: short-circuiting contactor 
NPC: HVA neutral point formation 
contactor 

AT: autotransformer 


neutral p 


Figure 45: Reduced voltage stator 
starting by autotransformer 


protection and/ 
or control unit 


Phase 1: running at reduced voltage 
by closing the NPC (Neutral Point 
Contactor) which is immediately 
followed the LC (Line Contactor) 
closing. 


LA Phase 2: running on inductance by 
the NPC opening. 


Phase 3: running at full voltage by the SC (autotransformer Short-Circuiting Contactor) 
closing. 
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N1 Nm 
Figure 46: Example of reduced-voltage starting by autotransformer 


Operating remarks 


* in principle, the second phase is short (around 1 second) because, in most cases, it 
is a delaying time. The use of an autotransformer with air gaps greatly reduces this 
problem, but we must know the value of the motor's absorbed current at the end of 
phase one 


* the switchover to full voltage always results in a transitional phase which is more or 
less long according to the speed reached at the end of the first phase and the 
absorbed current value 

* the current flowing through the neutral point during starting is the difference 


between the motor current and the line current, at the magnetising current near the 
autotransformer. This enables the calibre of the neutral contactor to be reduced. 


4.1.7. Rotor starting 


This starting method solves practically all the problems which may arise during starting, 
.@.: 


* it reduces the current demand on the network and increases motor torque 
* it adapts the motor torque to the resisting torque 
* it provides slow and soft starting. 

It can only be used for wound-rotor induction motors with on-load starting. To fully 


determine the rotor starting equipment we must know the service, i.e. the hourly rate and 
the starting time. This equipment is determined by specialists on a case-by-case basis. 
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4.2. HVA MOTOR PROTECTION — TYPES OF FAULTS 


The motors are affected by: 
* faults due to the driven load 
* power supply faults 


* faults internal to the motor. 


4.2.1. Faults due to the driven load 


Overload 

If the power demand is higher than the nominal power, there is an overcurrent in the motor 
and an increase in the losses, which results in a temperature rise. 

Excessive starting time and successive starts 

Starting a motor causes high overcurrents which are only admissible because they are of 
short duration. If there are successive starts or if they are excessively long because the 
difference between the engine torque and the resisting torque is insufficient, the inevitable 
overheating becomes prohibitive. 

Locked rotor 

This is when the rotation suddenly stops for any reason linked with the driven machinery. 
The motor absorbs the starting current and remains locked at zero speed. There is no 
longer any ventilation and the motor heats up very rapidly. 

Load loss 

The loss of priming of a pump or a broken coupling can cause the motor to run without 


load, which does not have very direct disastrous consequences for the motor. However, 
pump itself quickly deteriorates. 


4.2.2. Power supply faults 


Loss of power supply 


It causes the motor to operate as a generator when the inertia of the driven load is high. 
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Voltage drop 

It causes a reduction in motor torque and speed: the slowdown results in an increased 
current and increased losses. 

Overheating thus takes place. 

Imbalance 


The three-phase supply is sometimes not balanced because: 


% the energy source (transformer or alternator) does not deliver a symmetrical three- 
phase voltage 


* all the other consumers do not form a symmetrical load and therefore the supply 
network is not balanced 


% the motor is supplied by 2 phases after a fuse has blown 


% the order of phases is reversed resulting in a change in the motor's direction of 
rotation. 


The power supply imbalance causes the appearance of reverse components which result 
in very high losses and thus a rapid overheating of the motor. 


Voltage feedback after a cut in the motor power supply; the motor maintains a remanent 
voltage which can lead to an overcurrent when restarting, or even a broken mechanical 
drive. 


4.2.3. Faults internal to the motor 


Short-circuit between phases 

It is more or less violent according to the position of the fault in the winding and it causes 
major damage. 

Stator earth fault 


The fault current amplitude depends on the supply network's neutral point arrangement 
and on the position of the fault in the windings. 


A phase-to-phase short circuit and an earth fault require the motor to be rewound and, in 
addition, the earth fault can cause irreparable damage to the magnetic circuit. 
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Rotor earth fault (for wound rotor motors) 


A loss of rotor insulation can cause a short circuit between the turns and hence a current 
creating local overheating. 


Overheating bearings due to wear or a lack of lubrication. 


Field loss 
This fault concerns synchronous motors. A failure of the excitation circuit causes a loss of 


synchronism: the motor operates asynchronously but its rotor is subject to major 
overheating because it is not sized for this. 


Loss of synchronism 


This fault also concerns synchronous motors, which can loose their synchronism for the 
following reasons: 


% mechanical: sudden load variation 


% electrical: supply network fault or field loss. 
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4.3. HVA MOTOR PROTECTION — PROTECTION SYSTEM 


Even if this subject has already been covered in other courses (e.g. SE110), it is 
always a good idea to the revise electrical safety systems, especially for HVA 
motors. 

Overload 

It is monitored: 


# either by definite minimum time overcurrent protection (ANSI 51) 


* or by thermal image protection (ANSI 49RMS); the thermal image shows up the 
overheating due to the current 


# or by temperature probes (ANSI 49T). 


Excessive starting time or locked rotor 
These two protections are provided by the same function (ANSI 48-51LR). 

* For excessive starting times, it is an instantaneous current threshold set to a 
value less than the starting current which is validated after a time-delay triggered 
when the motor is switched on; this time-delay is set to a value greater than the 
normal starting time. 


* Fora locked rotor, the protection is activated outside the starting period, for a 
current higher than a threshold with time-delay. 


Successive starts 


The corresponding protection (ANSI 66) is sensitive to the number of startups within a 
given time interval, and to the spacing of these startups over time. 


Pump load loss 


It is detected by an definite time minimum-current protection (ANSI 37), which is reset 
when the current is cancelled out when the motor stops. 


Speed variation 


The direct measurement of the rotation speed by mechanical detection on the machine's 
shaft is also an additional protection. 
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The minimum speed protection (ANSI 14) detects a drop in speed or a zero speed 
following a mechanical overload or a locked rotor. 


The maximum speed protection (ANSI 12) detects an overspeed due to the motor being 
driven by the load, or a loss of synchronism for synchronous motors. 
Loss of power supply 


It is detected by an active power directional protection (ANSI 32P). 


Voltage drop 

It is monitored by a direct minimum voltage protection with time-delay (ANSI 27D). 

The voltage thresholds and time-delay settings are determined so that they are selective 
with the network short-circuit protections and to tolerate the normal voltage drops, e.g. 
when starting a motor. This protection can be common to several motors at switchboard 
level. 


Imbalance 


The protection is provided by a detection of the inverse component of the definite time or 
definite minimum time current (ANSI 46). 


The direction of rotation of the phases is detected by measuring the inverse component 
overvoltage (ANSI 47). 

Feedback 

The motor's remanence is detected by a minimum remanent voltage protection (ANSI 
27R) which authorises the feedback below a certain voltage threshold. 

Short-circuit between phases 

It is detected by a time-delayed phase overcurrent protection (ANSI 50 and ANSI 51). The 
current threshold is set to a value greater than the starting current, and the time-delay, 
which is very short, is designed to make the protection insensitive to the initial peaks of the 


inrush current. 


When the cutoff device is a contactor, it is associated with fuses which provide the short- 
circuit protection. 
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Differential protection 
{ANSI 87M) Autodifferential overcurrent protection 


(ANSI 51) 


Figure 47: Short-circuit between phases - protections 


For large motors we use a high impedance differential protection or percentage-based 
differential protection (ANSI 87M). 


As a variant, by a suitable adaptation of the connections on the neutral point side and the 
use of three summing current transformers, a simple overcurrent protection (ANSI 51) 
provides a stable and sensitive detection of the internal faults. 


Stator earth fault 


The protection depends on the neutral point arrangement. A high sensitivity is required to 
limit the damage to the magnetic circuit. 


When the neutral is directly earthed or earthed by an impedance, the main parts of the 
windings are protected by a time-delayed residual overcurrent protection (ANSI 51N / 
51G). 


In the case of an isolated neutral, a residual overvoltage protection (ANSI 59N) detects the 
neutral point shift. If the motor outgoing feeder is capacitive — long cable — a directional 
earth overcurrent protection will be used (ANSI 67N). 
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Rotor earth fault 

A continuous insulation monitor with ac or dc injection detects the loss of winding 
insulation. 

Overheating bearings 


Their temperature is measured using probes (ANSI 38). 


Field loss 
It is detected either by a time-delayed reactive overpower protection (ANSI 32Q), or by a 


minimum impedance protection (ANSI 40), or by direct monitoring of the current in the 
excitation circuit if it is accessible (ANSI 40DC). 


Loss of synchronism 


There is a specific loss-of-synchronism protection system (ANSI 78PS). 
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4.4. HVA MOTOR PROTECTIONS — SUMMARY 


4.4.1. Recommended settings 


Faults due to the driven load 
definite minimum time (IDMT) 50/51 setting for starting 
overcurrent 
according to the motor operating 
overloads thermal image 49RMS | characteristics (time constant of the order of 
10 to 20 minutes) 
temperature probe 49T depends on the motor temperature class 
eee threshold of the order of 2.5 In 
starting tines time-delayed current threshold 48 
9 time-delay: starting time + a few seconds 
threshold: 2.5 In 
locked rotor time-delayed current threshold 51LR 
time-delay: 0.5 to 1 second 
ies counting the number of starts 66 according to the motor manufacturer 
threshold of the order of 70 % of the 
loss of load phase undercurrent 37 absorbed current 
time-delay: 1 second 
> ; 
speed detection of mechanical 42.14 threshold + 5 % of nominal speed 
variation overspeed/underspeed time-delay: a few seconds 
Supply faults 
| feower threshold 5 % of Sn 
arty oh : directional active power 32P 
Pply time-delay: 1 second 
threshold of 0.75 to 0,80 Un 
voltage drop positive sequence undervoltage 27D 
time-delay of the order of 1 second 
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TOTAL 
Definite time: 
Is1 = 20 % In, time-delay = starting + a few 
seconds 
imbalance maximum inverse component 46 Is2 = 40 % In, time-delay 0.5 seconds IDMT 
Definite minimum time: 
Is = 10% In, tripping time at 0.3 In > starting 
time 
direction of ; meer negative sequence voltage threshold at 
rotation phase rotation direction 47 40 % Un 
threshold < 20 to 25 % Un 
feedback remanent undervoltage 27R 
time-delay of the order of 0.1 second 
faults internal to the motor 
fuses rated for successive starts 
threshold > 1.2 x starting current 
definite time overcurrent 50/51 
phase-to- time-delay of the order of 0.1 second (DT) 
phase short 
circuit 
slope 50 % 
differential protection 87M threshold 5 to 15 % In 
no time-delay 
threshold 10 % of maximum earth fault 
earthed earth overcurrent 51N/51G cUment 
neutral 
time-delay of the order of 0.1 seconds (DT) 
pores Low capacitance 
fault P 59N threshold approximately 30 % Vn 
system 
isplated Residual overvoltage 
neue High capacitance 
system 67N minimum threshold depends on the sensor 
Directional earth fault 
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earth fault 


continuous insulation monitoring 
device 


Rotor 


overheating 


synchronism 


bearings temperature measurement 38 according to the manufacturer's instructions 
faults specific to synchronous motors 
threshold 30 % of Sn 
directional reactive overpower 32Q 
field time-delay: 1 second 
loss 
underimpedance 40 software-aided configuration of settings 
according to the measurement method 
loss of : Gos . 
loss of synchronism 78PS (equal area criterion or power swing 


criterion) 


Table 17: Summary of HVA motor protections 
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4.4.2. Examples of applications 


The following typical diagrams show the protections to be used according to the motor and 
to the driven machine. 


(p 
37 
46 a 
48 - 51 
se 49RMS 
51G 
66 
Asynchronous motor controlled Asynchronous motor controlled 
by contactor-fuse by circuit breaker 
Example : 100 kW pump Example : 250 kW fan 


h + 
Pi Je ac od Priority asynochronous motor 


transformer . 
Example: 1 MW crusher Example: 2 MW compressor 


Figure 48: Typical protections to be used for HVA motors 
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5. LV CABINETS 


5.1. MOTOR CONTROL CENTRE (MCC) 


The MCC is almost always supplied from an HV/LV transformer. 


5.1.1. Supplying the MCC via cables 
These are the LV cables between the transformer and the MCC's LV disconnection device. 
Cross-sectional area of LV cables 


The cables are insulated with XLPE (cross-linked polyethylene), they are relatively short 
and have the following cross-sectional area for a three phase + neutral supply: 


Power ILV Cables | Composition 
160 kVA 225A 4x 150 Cu 1 cable / phase + 1 cable neutral 
250 kVA 350A 4 x 240 Al 1 cable / phase + 1 cable neutral 
400 kVA 560 A 7x 240 Al 2 cables / phase + 1 cable neutral 
630 kVA 900A 7 x 240 Cu 2 cables / phase + 1 cable neutral 
800 kVA 1120A 14 x 240 Al 4 cables / phase + 2 cables neutral 
1000 kVA 1400A 14 x 240 Cu 4 cables / phase + 2 cables neutral 
1250 kVA 1750 A 14 x 240 Cu 4 cables / phase + 2 cables neutral 


When the neutral is not distributed, eliminate the neutral cables 


Table 18: Standard cross-sectional area of the transformer / MCC cable links 


5.1.2. Connection of LV cables — Transformer / MCC link 


The aluminium cables are connected on the transformer side and on the LV switchboard 
side by aluminium-copper end terminals, meeting the EDF HN 68-S-90 specification. 


Each cable will receive a functional marking at each of its ends: 
+ phase conductors: marked L1-L2-L3 


* neutral conductors: light blue marking. 
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On the transformer side 
For safety reasons the transformer's LV terminals must not be accessible during normal 
operation. 


On the LV disconnection side 
Follow the connection instructions for the disconnection devices. 


Attachment of cables 
Depending on their number, the cables are attached by appropriate stacked cable holders 
(standard equipment for prefabricated stations). 


5.1.3. Recommendation for cable links 


Let us look at a paragraph which is also in the "Cables and accessories" course, EXP-MN- 
SE130. It is better to repeat this "recommendation" several times since construction errors 
are always possible. 


Laying the power cables in cable trays: 


This type of connection, for single-pole cables, between the transformer secondary 
and the LV switchboard (MCC) has been used (and is still used) on some Total sites 
somewhere... 


Result: the metal cable tray is hot... 
very hot..., which implies another 
disadvantage: the transformer's power 
is reduced. 


Figure 49: Incorrectly laid cables in a 
cable tray 


In “treflon" configuration on cableways: 
Ph1 + Ph 2+ Ph3 


Each single-pole cable (and each phase), starting 
from the secondary terminals of the transformer 
(or any other equipment) must be laid in trefoil 
(clover leaf) configuration, even for short 
distances. 


The purpose of this is to cancel out the induction: 
the resultant force of the 3 phases together is thus 
neutralised. If you have a 3-pole cable, there is no 
problem. 


Figure 50: Cables laid in trefoil configuration a b ec N 
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Laying the neutral: 


Figure 51: Laying the neutral 


The are no formally defined instructions for positioning the neutral cable (light blue colour). 
However, it is preferable to combine it with the three phases in an unbalanced 3+N 
distribution. Having said that, the neutral can be placed separately in a balanced 
distribution, where the Ph+N distribution is of secondary importance. 


Cable entries 


Number of holes 


number of 
cable glands 


number of cables 


ioh box on the secondary term 


J 
Low voltage connections with "x" cables per phase 


Cable ends isolated from | 
Figure 52: Transformer junction box 
Entry of the single-pole cables in a receiver (transformer, or motor, cubicle, etc.) 


All the cable glands which hold a single-pole cable must be installed on a nonmetallic 
plate. 


In the figure "Transformer junction box", 4 cables per phase = 12 cable glands (for the 3 
phases) + X for the neutral, all installed on this nonmetallic plate. 
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TOTAL 
Metal plate A conductor entering perpendicularly 
into a metal plate creates an 
electromagnetic induction on the plate. 
3 X 3 single- The EMF induced would then try to _ 
pole cables Cracks Move the plate (Lenz law) and in reality 


would heat and distort it, producing 
cracks. 


Figure 53: Metallic plate + single-pole 
cables = heat + cracks 


However, if a multiconductor cable is used 
(three phase = 3 conductors in the same 
cable): there is then no problem because the 
induction is cancelled out by the 3 twisted 
phases in the cable. The cable gland can then 
be installed on a metal plate. 


Figure 54: Multiconductor cables = with or 
without metal plate 


5.1.4. MCC supplied by prefabricated trunking 


| Prefabricated = S : aa 
! electrical ii f ; 
trunking 


= 


VW \\\\ 
t “f ree 


AIFS 


incoming 
cubicle 


Dry transformer 
(same principle as for wet transformer) 


Figure 55: Transformer / MCC link by prefabricated trunking 
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MCC incoming cubicle side 


ransformer side 


Figure 56: Detail view of the connections at each end of the trunking 


On some sites, bars are used to connect the transformer's secondary to the LV busbars. 
The bars are made of copper, aluminium or a conductive alloy and are moulded in cement 
(old technology), epoxy resin or any other insulating material, or are just in air. 


There are several bars per phase. _ Metal box or 
They are bolted or assembled. In insulating material 
France the manufacturers are 

Normabarre and Canalis (both are 


Schneider Group companies), among . . . 
others insulating material or air 


+N if 
; ' necessary 
Figure 57: Cross section of a 
prefabricated trunking 


A prefabricated trunking can be installed between the transformer and the MCC on 
request. This means that the exact location of the equipment must be specified or 
planned for on the drawing, and a three-dimensional diagram must have been made 
defining the lengths, bends, cable entries and connection accessories. 
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5.1.5. Designing and constructing the MCC 


‘A' Busbars 


HVI/LV ‘A’ HV/LV 'B' 
Transformer Transformer 
‘A’ Main ‘B' Main 


circuit breaker circuit breaker 


Coupling or Tie-i 
‘B' Busbars 


Busbar 
coupling 
circuit 
breaker Standby 
circuit 
breaker 
‘A' ‘B' i 
Distribution Distribution 
TGBT OrMcc . 
Distribution to all types of LV receivers: Standb 
> Peas y 
motors, secondary cabinets, lighting, generator 
heating, etc. 
Standby 
cabinet 


Figure 58: Single-line diagram of an MCC 


Steps to be followed, on paper: equipment layout drawing 


* 


Define the single-line diagram to determine all the electrical protection equipment to 
be installed 


Choose the type of cubicles: modular, one-piece cabinet, with the dimensions we 
wish to use 


Choose the locations of the main protection equipment in one or more cubicles 
according to the size of the circuit breakers and/or other protection devices 


Choose the location of the busbars. The dimensions of the cubicles or the cabinet 
will be dictated by the busbars, depending on the current to be carried. 


Choose the location of the secondary distribution protections (circuit breakers, 
switches, fuses) with the command-control accessories (contactors, relays, etc.) 
physically and to scale. This allows us to "see" the total size of the MCC 
Choose the location of the secondary busbars 


Choose the location of the cable distribution trunkings 


Define the internal cabling and wiring accessories, and the terminal blocks 
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The controls on the front panel are the subject of another layout drawing 


And now you have your MCC. Giving more details in this area is tedious because 
designing and constructing a switchboard is the job of a specialist. Many accessories are 
necessary, there are numerous different construction possibilities, and each manufacturer 
has his own specific design features. Take a look at a catalogue dedicated to MCCs, you 
will see that you have to know exactly what you want before you start... 


Figure 59: Examples of MCCs 


5.2. DISTRIBUTION CABINETS 


Here are some of the various differentiating features when designing and constructing 
distribution cabinets (which may also be MCCs) for all types of distribution (power, lighting, 
HVAC, etc. separate or all together) 


5.2.1. Modular cabinets 
* Either with cubicles or cabinets with dimensions standardised by the manufacturer 


* Or with frames, also standardised, made of metal profile sections. They are first 
equipped with the electrical equipment then the external panels are added 
according to the customer's requirements. 


These cabinets generally have sections of cable trunking inserted with the equipment. 


They are always workshop-assembled and, depending on the size of the cabinet, they 
could be divided into sections to make them easier to transport and install. Connection 
interfaces will, of course, be provided, particularly for the busbars (generally at the top to 
interconnect the cubicles*) and the command-control devices. 
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* Secondary busbars can be installed in each cubicle for this cabinet's internal distribution. 


Figure 60: LV distribution cabinets 


Switchgear installation and cabling Installation of panelling oF 
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Figure 61: LV distribution cabinet profile sections and external panels 
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5.2.2. Cabinets with rack-mounted equipment — the "real MCCs" 


On Total sites the use of cabinets with 
rack-mounted equipment is generalised, 
including for the MCC. 


Each feeder has all its own power and 
control equipment (circuit breaker, 
contactor, relays, buttons, indicators, 
etc.) in an enclosure fitted with 
withdrawable connectors (power and 
control). The fixed part is equipped to 
match the other part of the connectors. 


Utility of this principle: 


*+ A compartment's equipment can 
be plugged in / withdrawn without 
disrupting the other outgoing 
feeders or equipment 


* immediate repair - a faulty rack unit can be replaced by another identical unit 
without repair delays. 


* simplified maintenance: each rack unit can be remove at any time (by respecting 
the lock-out and padlocking procedures), taken to the workshop, inspected, 
calibrated, tested, repaired, etc. 


Figure 63:Wiithdrawable rack units (also known as "drawers") 
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The plug-in connection is made by 
pressing the locking device 


Impossible if locked Position of the lockout padlock 


Figure 64: Plug-in locking system + rack lockout 
The withdrawable LV racks, like the HV racks have 3 positions: 


* Unplugged: in position in its enclosure but sufficiently removed so that there is no 
contact 


* Test position: the control circuits are plugged in but not the power circuit 

* Plugged in: in normal operating position 
Each rack has (in most cases) a locking system with the power circuit's main 
disconnection device (switch or circuit breaker), i.e. the rack cannot be unplugged if this 
main disconnection device is still plugged in. 
The cable connections (power and control) are via the rear but more generally (on Total 


sites) on the side with "cable trunking" cubicles inserted between each modular racked 
cubicle. 


5.2.3. Low-power distribution 


These are generally lighting or air conditioning distribution cabinets or a local unit's 
subdistribution cabinets. 


Each cabinet must have: 
* amain protection (circuit breaker / switch + residual current protection) 


* a two, three or four phase subdistribution to the circuits concerned 
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* an emergency stop device on the cabinet or very close to it (with identification) if the 
cabinet is not directly accessible 


* The control components, were applicable, on the front panel 


Main 
position 
esjeee sit cL. 
- 3 \* 
Equipment 
=r supplied via 
eerte se © 2" distribution block 


h: = — ——a ye ii 


Figure 66: Example of distribution boxes 
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Finally, we reach the distribution boxes, each manufacturer has his own specific system. 


5.2.4. Control and measurement accessories 


5.2.4.1. Local controls and switchboard-mounted controls 


The command-control components are not only located at the switchboards but also in the 
unit, generally using dual control with selection of "local" or "remote" priority at the 
switchboard. The stop command (local and remote) can always be operated whatever the 
selection. 


Figure 67: Examples of local controls and controls at the switchboard (on the rack) 


5.2.4.2. Cam-operated switch 
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This does not concern the power switches on the switchboard or those for local protection 
(near motors / equipment), or motor starting switches, or even motor start switches or even 
power source reversal switches. 


Let us simply look at instrument switches such as ammeter switches and voltmeter 
switches. 


With the digital and multifunction protection/measurement relays, the cam-operated 
switches are no longer really very common but they still exist, and still equip some 
switchboards, so maintenance electricians need to be familiar with the connections, 


wafers, steps, and the positions of a cam-operated switch. 


Figure 68: Examples of 3 and 4-position cam-operated switches 


Cam-operated switches (or step-by-step switches) are available for well-defined functions 
but can be modulated, in ‘x’ positions, in ‘y’ steps depending on the job they are required 
to do. 


Connection 
terminals 
Angular offset = 2 to 12 positions 
~ 


° 45° 60° Function label 
o ca Position 
oe | [oo | Ne O marking 
‘e Oo ic Lea) 
ae, = ah. ted ee co oa na o 


} 2 
Fitting: flush-mounted l 
surface-mounted, ~ Label 
DIN rail, etc. 


Connection types: Polarisation le 
clip, eye, screw, etc. and 
shape of lever ? 


Figure 69: Functions and modularity of the cam-operated switch (step-by-step switch) 
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Exercise on the cam-operated switch 

Although we said above that we were not concerned with power switches, practice 
redrawing the following diagrams to incorporate the cam-operated switch/step-by-step 
switch contacts. 

Star-delta switch: 3 positions — 7 contacts 


Star-delta invertor switch: 5 positions — 12 contacts 


The number of steps (or wafers) does not have to be specified and is not important for an 
understanding of the system. 


A cross indicates: contact closed in starting position 
An empty box indicates: open contact 


The line between two crosses indicates: transition between 2 positions without the contact 
opening 


a i i 


lo 
PROBE 28: 2 
3 


BS 


| | OK] OK] OT TO 
|e [KK DK] SK) < 
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Star-delta switch 


Star-delta inverter switch 


Figure 70: Switches for star-delta starting + star-delta inverter 
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5.2.4.3. Ammeter switch 


You may find them on the site switchboards. 
Here are two connection possibilities: direct measurement and with CTs. 


The switch only has 4 positions but the explanatory matrix shows 5 columns to accurately 
specify the transitions. Be careful, in both cases the measurement is taken by closing a 
contact in the ammeter circuit but the 2 other phase circuits must remain closed, and no 
circuits are ever opened, hence the horizontal lines (between crosses) which extend into 
(or pass through) the empty boxes. 


In operation, if you have an incorrect contact and you open a phase circuit..., this can 
certainly cause problems; 


LIL2L3 Ammeter switch - direct measurement 
OLIL2L30 
' 
: Ammeter switch with CT 
4 
5 
6 
? 
° ll | 
10 2? 
i 3 
12 
13 5 
14 6 
1s 7 
16 8 
7 r) 
18 10 
iW 
LIL2L3 2 


Figure 71: Ammeter switches 
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5.2.4.4. Voltmeter switch 


There are 2 switching possibilities: between phases for 3-phase without neutral and the 6 
possible voltages with 3-phase + neutral (+ a zero position) 


3 x voltage between phases 3 x voltage between phases 
3 x voltage between phase and N 0 x zero position 


1 x zero position 
~N bak 
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Figure 72: Voltmeter switches 
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6. LV MOTOR STARTERS 


The "Electric Motors" course EXP-MN-SE140 includes simple motor starters, i.e. direct 
starting, inverter and star-delta winding coupling for several speeds, that is to say 
everything which requires only switches/circuit breakers and relays. The motor starters 
which require additional equipment or devices incorporated in a cabinet or a box to 
operate are partially described below. 


6.1. STATOR / ROTOR STARTERS 


6.1.1. Autotransformer starting 


An autotransformer starter is used to start squirrel-cage motors by means of a reduced 
starting current since the voltage is reduced during starting. 


LIL2L3 


Autotransformater 
with adjustable 
tappings 


Figure 73: Auto-transformer starter with closed transition switching 


Contrary to a star-delta arrangement, only three wires to the motor and 3 motor 
connections are required. This arrangement is particularly widely used in English-speaking 
countries. 


During starting, the motor is connected to the autotransformer’s tappings. This means that 
the motor starts up with a reduced voltage and a correspondingly low current. 
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The autotransformer reduces the current in the network supply line according to its 
transformation ratio. Like the star delta arrangement, the autotransformer starter has a 
favourable torque-current consumption ratio. 


In order to adapt the motor starting characteristics to the torque requirement, the 
autotransformers are usually equipped with three selectable tappings (e.g. 80%, 65% and 
50%). 


When the motor has almost reached its rated torque, the star connection on the 
transformer is opened. The transformer’s partial windings act as chokes in series with the 
motor windings and therefore, like the uninterrupted star delta arrangement, the motor 
speed does not drop during switchover. After the main contactor has been switched in, the 
full network voltage is applied to the motor windings. Finally, the transformer is 
disconnected from the network. 


Depending on each tapping and the motor’s starting current ratio, the switching current is 
1 to 5 x le. The available torque is reduced slightly in according to the starting current. 


6.1.2. Choke or resistance starting 


Using chokes or resistors coupled in series the motor voltage and therefore the starting 
current are reduced. The starting torque decreases according to the square of the current 
decrease. 


Li L2L3 


6.1.2.1. Choke starting 


At stop, the motor resistance is low. A large part 
of the voltage is reduced by the inductance 
coils coupled in series. The motor's starting 
torque is thus greatly reduced. When the speed 
increases, the voltage at the motor terminals 
increases due to the operating current feedback 
and the vector voltage distribution between the 
motor and the reactance coil coupled in series. 
The motor torque then also increases. After the 
acceleration phase the chokes are short- 
circuited. 


Figure 74: Starting with chokes 


The switching current decreases according to 
the required starting torque. 
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L1L2Lt3 


6.1.2.2. Resistance starting 


In this case, low cost resistors are used 
instead of the chokes described above. 


With this method the possible reduction in 
starting current is small because the motor 
torque decreases quadratically with respect to 
the voltage. 


The voltage increase at the motor terminals is 
due to the lower current consumption when 
the speed increases. 


Figure 75: Resistance starting 
It is preferable to reduce the resistances in 


stages during starting. However, the cost of 
the contactors is greater. 


Another possibility resides in the use of sealed wet resistors (electrolyte). With these 
components, the ohmic resistance decreases with the temperature rise due to the effect of 
the starting current. 


6.1.3. Rotor starting 


Let us move directly to the application shown in the diagram: version with 3 starting step 
and 3-phase rotor. 


Legend: 


Q11: line contactor Q12: last step contactor §Q13: step contactor 
Q14: step contactor K1/K2/K3: time-delay relay 


Operation: 


The run button ‘I’ calls the line contactor Q11 which is maintained by its closing contact 14- 
13 and does not supply Q11/44-43 the time-delay relay K1. 


The motor is coupled to the network with its rotor on resistors R1 + R2 + R3. 
After a defined time-delay has elapsed the closing contact K1/15-18 energises Q14. 


The contactor position Q14 shunts the first resistor R1 and supplies time-delay relay K2 
via Q14/14-13. 
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Figure 76: Diagram of a 3-step rotor starting system 
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After a defined time has elapsed, K2/15-11 supplies Q13 which shunts position R2 and 
energises time-delay relay K3 via Q13/14-13. 


After a defined time has elapsed, K3, via K3/15-18, calls the last step contactor Q12 which 
is maintained by Q12/14-13 and, via Q12/32-31 cuts the step contactors Q14 and Q13 and 
time-delay relays K1, K2 and K3. 


The last step contactor short-circuits the rotor rings and the motor reaches its nominal 
speed. 


The motor is stopped by pushing button ‘0’ and if there is an overload, by contact 0/21-22 
of the motor circuit breaker or by contacts FO and F2/95-96 if protected by fuses + thermal 
relays. 


If there are more than three steps, the contactors, relays and resistors are numbered in 
increasing order. 


6.2. SOFT STARTERS 


6.2.1. General 


Depending on the quality of the network supply, rapid changes in current consumption 
which occur during motor starting can cause voltage drops which may affect equipment 
supplied by the same network: 

* lighting brightness fluctuations 

* interference on computer systems 


* contactor and relay failures 


Mechanical machine or plant components are put under severe stress by torque surges 
which occur during starting. 


With traditional solutions like: 
* Star-delta arrangements 
* Autotransformers 
* Chokes or resistors 


the voltage at the motor terminals and the current can only be affected in stages. 
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The soft starter controls the voltage without steps from a selectable starting value up to 
100 per cent. Thus the torque and the current increase continuously. The soft starter also 
provides the motor with a continuous slowing down cycle. 


6.2.2. Implemenation of soft starting 


The motor's torque characteristic curve explains how slow starting can be obtained. 


By comparing the load characteristic curve with that of the motor, we can see that the 
motor's torque characteristic curve is always above that of the resisting torque until it 
intersects this curve. 

At this point in the cycle the rated torque reaches the nominal speed. 


The difference between the resisting torque characteristic curve and that of the motor 
torque represents what is called the acceleration torque (MB).This torque generates the 
energy which causes the drive to turn and accelerate 

The ratio of these two curves represents the measurement of a drive's starting time or 
acceleration time. If the motor torque is much higher than the resisting torque, this means 
that the acceleration energy is high and therefore the acceleration time is short. But if the 
motor torque is only slightly higher than the resisting torque, this results in low energy and 
therefore the acceleration time is proportionally higher. 

The soft starting is achieved by reducing the acceleration torque. 


Current !/ le Torque M/ Mn Engine torque 


Nominal speed 


Resisting torque 
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Figure 77: Motor starting characteristic curve 
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6.2.2.1. Motor torque reduction 


Torque characteristics for: The motor 
M/Mn U = UNetz characteristic curves 
shown are only valid 
when all the voltage 
Un is available. As 
soon as a lower 
voltage is applied, 
the torque is 
reduced by the 
square of this value. 


Figure 78: Motor 
n torque reduction 


If the effective motor voltage is reduced by 50%, the torque is reduced to a quarter of its 
value. If the characteristic curves for motor torque and the resisting torque are compared, 
we can see that the difference is greater when the network voltage Unetz is present than for 
the reduced voltage Ureg. The motor torque and therefore the acceleration force are 
affected by the adaptation of the voltage to the motor terminals. 


6.2.2.2. Effect of the motor voltage 


It is easy to change the motor voltage by 
means of a phase angle control. 


Figure 79: Phase angle control 


Using a semiconductor, the thyristor, it is 
possible to pass on only a certain 
percentage of the voltage to the motor 
cutting the half phase control. 


The instant when the thyristor cuts the half 
phase control is called the starting angle ‘Alpha’. 


If the angle Alpha is large, the motor rms voltage is small. If the starting angle Alpha is 
slowly displaced to the left, the motor rms voltage (Urms) increases. With the corresponding 
control, phase control is a simple and effective way of changing the motor voltage. 
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6.2.3. Types of starting 


There are two main possibilities for starting a motor using a soft starter. These are starting 
using a voltage ramp and starting using limited current. 


6.2.3.1. Voltage ramp starting 


During voltage ramp starting, 
the start or acceleration time 
and the initial breakaway torque 
are preset. 


Figure 80: Voltage ramp 
starting 


The soft starter increases the voltage at the motor terminals linearly from a preset value 
(initial voltage) to the full network voltage. The low motor voltage at the start of the process 
results in a lower motor torque and causes a gentle acceleration cycle. The initial voltage 
value to be preset is determined by the initial breakaway torque = motor starting torque. 


It is possible to choose between two soft start profiles with separately adjustable ramp-up 
times and initial torque values. 


The motor’s acceleration time results from the preset values for acceleration time and for 
the initial breakaway torque. If a very high initial breakaway torque value is chosen or if the 
acceleration time is very short, we are then close to a direct start. 


In practice, the acceleration time is determined first (10 sec. approx. for pumps) and then 
the breakaway torque is set in such a way that the desired soft start is achieved. 


The preset time is not the real acceleration time of the drive; it is dependent on the 
load and the breakaway torque. 


During a soft start using a voltage ramp, the current increases to a maximum value and 
drops back to the value Ij when the motor’s rated speed is reached. 


The maximum current cannot be determined in advance since it depends on each motor. 


However, if a certain current value must not be exceeded, then the current limit starting 
mode can be selected. 
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6.2.3.2. Current limit starting 
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Figure 81: Current limit starting — current curves during acceleration 


The current increases according to a certain ramp until it reaches the set maximum value 
and falls back to the value Ij when the motor’s rated speed is reached. This means that 
the motor can only draw a certain starting current. This starting method is often required by 
electricity companies if large motors (fans, pumps) are to be connected to the network. 


6.2.3.3. Torques 


This diagram shows the different motor torques for direct start, soft start with voltage ramp 
and with current limit. 


Direct startin 
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Figure 82: Torque curves according to the type of starting 
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6.2.4. Types of soft starter 


The difference between the different types of soft starters lies in the structure of the power 
component and the control characteristic. 


As already mentioned, the soft starter is based on the phase angle principle. Using a 
thyristor it is possible to only apply part of the voltage to the motor by cutting the half 
phase control. 
The thyristor permits the current to flow in one direction only. This requires a second 
semiconductor with opposite polarity which supplies the negative current (back-to-back 
switched semiconductors). 
Soft starters are differentiated according to the following criteria: 

* The number of phases controlled. 


One phase (single-phase controlled soft starters), two phases (two-phase controlled 
soft starters) or three phases (three-phase controlled soft starters). 


* The types of second semiconductor with opposite polarity. 
If a diode is selected, this is called a half-wave controlled soft starter. 
If a thyristor is chosen, this is called a full-wave controlled soft starter. 


Since the different types affect the motor voltage and current in different ways, this can be 
explained by the following three schematic diagrams: 


6.2.4.1. Single-phase full-wave controlled soft starter 


In case of the single-phase controlled soft starter, a phase angle is implemented in a 
phase by means of two back-to-back thyristors (Phase L2). Phases L1 and L3 are directly 
connected to the motor. 


During starting, a current approximately six times the motor's rated current flows in phases 
L1 and L3. 


It is only possible to reduce the current to 3 times the rated current during the controlled 
phase. 
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Figure 83: Single-phase controlled soft starter 


If this method is compared with a direct start, we see that the acceleration time is longer 
but that the rms motor current is not greatly reduced. This means that approximately the 
same current flows through the motor as during direct starting. This results in additional 
motor heating. Since only one phase is controlled, the network is put under an 
asymmetrical load in the starting phase. 


Single and two-phase controlled soft starters are mostly used in the power ranges up to 
5.5 kW max.. They are only suitable for avoiding mechanical impact in the system. The 
induction motor’s starting current is not reduced by this method. 


6.2.4.2. Three-phase half-wave controlled soft starter 


In a three-phase half-wave controlled soft starter the phase control is implemented in all 
three phases. A thyristor is mounted back-to-back with a diode as a power semiconductor. 
This means that the phase control is only implemented in one half-wave (half-wave 
controlled). This means that the voltage is only reduced during the half-wave when the 
thyristor conducts. 


During the second half-wave, when the diode conducts, the full network voltage is applied 
to the motor. 
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Soft starter 


During the uncontrolled half-wave 
(diode), the current peaks are 
higher than during the controlled 
half-wave. 


The upper harmonics thus 
generated result in further motor 
heating. 


Figure 84:Half-wave controlled soft 
starter 


Since the current peaks in the 
uncontrolled half-wave (diode) and 
the upper harmonics linked to them 
become critical during high powers, 
the half-wave controlled soft 
starters can only be effectively used 
up to approximately 45 kW. 


6.2.4.3. Three-phase full-wave controlled soft starter 


For this type of soft starter the phase 
control is implemented in all three 
phases. 


Figure 85: Full-wave controlled soft 
starter 


Two back-to-back thyristors are used 
as power semiconductors. 


This means that the phase voltage is 
controlled in both half waves (full 
wave control). As a result of the 
upper harmonics occurring during 
phase control, the motor is however 
put under a higher thermal load 
during a soft start rather than during a 
direct start. 


Three-phase full-wave controlled soft 
starters are used for powers up to 
630 kW approx. 


Soft starter 
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6.2.5. Thermal load during starting 


This graph shows 

the impact of 4 
different types of 

soft starters on 
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Motor starting time 
Item 1/1 marks the motor heating following a direct start. The X-axis shows the 
multiplication factor of the start time and the Y-axis shows the multiplication factor of the 
motor heating. 
If, for example, the start time is doubled compared to a direct start, this means that: 
* for the single-phase controlled soft starter, the motor heating is multiplied by 1.75. 
* for the two-phase controlled soft starter, the motor heating is multiplied by 1.3 


* for the half-wave controlled soft starter, the motor heating is multiplied by 1.1 


® for the full-wave controlled soft starter, practically no additional heating can be 
detected 


For longer acceleration times and for higher power, only a full-wave controlled soft starter 
can be used. 


6.2.6. Advantages of soft starters 
* A longer acceleration time can be beneficial for the motor and the machine. 
* The starting current is reduced or can be limited. 
* The torque is adapted to the corresponding load. 


* For pumps, the surges during starting and stopping are avoided. 
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* Jerky movements and shocks, which could hamper a process, are avoided. 
* The wear and tear of belts, chains, gears and bearings is reduced. 


* By means of the different controls, simplified automation is possible. 


6.2.6.1. Mechanical advantages 


With direct starting, the motor develops a very high starting torque. 
Starting torques of 150 to 300% of the rated torque are typical. Depending on the type of 
start and the high starting torque, the drive mechanics can be put under excessive strain 


(Mechanical stress), or the manufacturing process may be disrupted by unnecessary jerky 
movements and shocks. 


* By using a soft starter, the shocks which occur on the mechanical parts of a 
machine are prevented. 


* The starting characteristics can be adapted to the application (e.g., pump control). 


* Simple wiring to the motor (only 3 conductors). 


6.2.6.2. Electrical advantages 


Induction motor starting causes high power surges in the network. (6 to 7 times the rated 
current). This means that large voltage drops can be caused which disrupt other users 
connected to the network. Therefore, electricity companies determine limiting values for 
motor starting currents. 


* Using a soft starter it is possible to limit the motor starting current (as long as a 
high starting torque is not required) 


* This reduces the strain on the network. 
* A reduction in the network connection fees may be possible. 


* In many cases the electricity company limits the starting current. This means that 
the respective regulations are met. 
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6.2.7. Possible applications 


Typical applications are: 
* travelling cranes, conveyor belts, drives 
* mixers, mills, crushers 
* pumps, compressors, fans 


* drives with reduction gears, chains, belts, clutches 


Pumps: 

By means of a special pump control it is possible to eliminate pressure impact which 
occurs during pump start and stop. 

Compressors: 

For compressors, the speed can decrease during switchover from star to delta. A soft 
starter ensures a continuous start without a drop in speed. 

Single-phase motors: 

If a soft starter is to be used for a single-phase motor, a single-phase full-wave controlled 
soft starter is required. 

In general: 

The soft starter represents a cost-effective substitute for star-delta systems high power 
drives. For applications with where a high starting torque is required (when the load cannot 


be coupled after the acceleration), a soft starter should be used instead of star-delta 
systems. 
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6.2.8. Pump starting 


6.2.8.1. Current and torque development for a star-delta start 
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Figure 87: Star-delta starting curves 


The graph shows the torque and current characteristics for star-delta start according to the 
speed. 


For this application, star-delta starting is unsuitable because we are starting under load. 
During the switchover from star to delta, the current falls to zero and the speed decreases 
according to each application. The switchover to delta causes a sudden current increase. 
This leads to voltage drops in weak networks. 


During switchover to delta, the motor torque also jumps to a high value, which represents 
a mechanical strain on the entire drive. If pumps are powered using star-delta, a 
mechanical elastic coupling is usually used. 
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6.2.8.2. Speed development for starts with a pump soft starter 


With a soft starter the 
motor does not 
accelerate linearly. 
The speed curve varies 
ina"S" shape. 


Figure 88: Speed 
development for starts 
with a pump soft starter 


Soft start 


Running 


Pump stop 


An optimum pump start is achieved by means of a slow start, a fast acceleration and then 
a longer acceleration time (retarded) to the rated speed. 


Stopping a pump represents a high demand on a soft starter. The pump deceleration time 
needs to be specially controlled so as to avoid surges or water hammer. The soft starter 
must react automatically to motor load and speed and adapt its parameters accordingly in 
order to achieve the desired goal. 


6.2.8.3. Comparison of torque curves 


This graph shows the torque 
characteristic curves for the 
different starting methods. 


Direct start 


The curve of the soft starter 
with pump module is parallel 
to the pump characteristic 
curve. A constant 
acceleration torque is thus 
obtained. 


Conventional 
soft start 
100% 


Pump soft start 


_ Figure 89: Torque curves 
Pump characteristic 


curve 


Speed 


100% 
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6.2.8.4. Flow curve during start 


This graph represents the flow curve during starting for different starting methods. During a 
direct start, the liquid is accelerated very quickly. If a 100% liquid flow is achieved, this 
results in a huge acceleration change. 


This generates surges which can cause considerable damage to the plant. 


Flow 


Direct start Conventional Pump soft start 
soft start 


Time 


Figure 90: Flow curve during starting 


For conventional soft starters, the acceleration change is lower and therefore the impact 
on the system is reduced. 


Soft starters with special pump modules are the only ones where the acceleration change 
is so low that no surges are caused. 
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6.2.8.5. Flow curve when stopping 
This graph shows the flow curve when stopping, for the different control methods. 
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Figure 91: Flow curve when stopping 
During deceleration, the pumps stops very quickly. 


This means that the entire water column falls onto the non-return valve. This puts the plant 
under a great deal of mechanical strain as during a direct start. 


The conventional soft stop is unsuitable for a pump application since the flow rate is only 
reduced to a certain level and the same effect as with acceleration occurs. 


An optimum slowing down of the flow can only be achieved by means of a ‘controlled’ 
pump stop. In the same way as for starting, it is almost more important during stopping 
that no surges occur. The soft starter must gradually slow down the flow, then increase the 
slowing down rate, then again slow it down more gradually before pump shutdown so that 
the flow slowly reaches zero speed. 
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6.2.8.6. Requirements for a pump soft starter 


Since all systems have different water heads and cable lengths the soft starter must be 
programmed for each installation. The soft starting must be adapted to each application to 
control the starting and slowing down in the best possible conditions. 


6.2.9. Connections and examples 


Ao Fl 


A soft starter 
can control/start 
one or more 
motors 


If the motor has 
es) a wound rotor, 
the rotor windings 
must be directly 
short-circuited 


Figure 92: Soft starter connections and protection 


There is no simpler connection configuration: a protection device, a contactor, a control 
circuit, the starter unit in series with the motor supply, and we are ready to go... 
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A soft starter can even supply several motors in parallel on condition that its power is 
designed to do this. 


A selection of starters by different manufacturers is shown below. 
Practically all frequency regulator manufacturers (see following paragraph) offer soft 


starting (and braking). 


Do not confuse Starters and Frequency regulators! 


Telemecanique Altistart Siemens Sirius series 


An Allen-Bradley range 


Figure 93: Examples of soft starters 
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6.3. FREQUENCY REGULATORS 


6.3.1. General 


Electric motors are major components in these systems. 


Therefore, the different methods for changing the speed of AC induction motors have been 
developed. Most of these methods involve considerable power losses or large 
investments. The development of frequency converters has meant that conventional AC 
motors can be efficiently used for variable speeds. 


A frequency converter is an electrical device which converts the frequency and the voltage 
into variable values and therefore controls the speed of AC motors. The motor can then 
deliver a high torque at all speeds. 


The frequency converter converts the supply network's voltage and frequency into a DC 
voltage. From this DC voltage it generates a new three-phase variable voltage and 
frequency supply for the three-phase induction motor. 


During this operation, the frequency converter virtually only draws active power from the 
supply network (cos @ = 1). The reactive power necessary to operate the motor is supplied 
by the intermediate DC voltage circuit. Cos ~ compensation devices are not necessary on 
the network side. 


constant 


Motor Load 


Network Electronic controller 


f 
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Figure 94: Principle of speed control with frequency control 
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6.3.2. Construction 
4 2 3 IGBT 


1 Rectifier 3 Inverter with IGBT 
DC intermediate circuit ‘ Command / control 


~~) 


Figure 95: Construction principle of the "electronic controller" 


The frequency converter consists of three main parts. 


Rectifier: 


The rectifier is connected to the supply network and generates a pulsating DC voltage. 


Intermediate circuit: 


The intermediate circuit stores and smoothes the pulsating DC voltage. 


Inverter: 

Using the DC voltage the inverter again generates an AC current at the desired frequency 
and voltage. The motor is connected to the inverter's output. 

Control circuit: 

The control circuit electronics can send and receive signals to and from the rectifier, the 


intermediate circuit and the inverter. The signals are generated and processed by a 
microprocessor integrated in the device. 
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6.3.2.1. Network voltage rectifier 


The network voltage rectifier consists of a bridge circuit which rectifies the supply network 
voltage. 


L1 L2 13 L1 L2(N) 
+  Three-phase rectifier - + Single-phase rectifier - 


Figure 96: Network voltage rectifiers 


The DC voltage resulting from this always corresponds to the peak value of the connected 
network voltage (Ue x V V2). 


The main difference between a single-phase and a three-phase bridge circuit is the 
voltage level of resulting pulsating DC voltage. In practice, a single-phase version is 
preferred for cost reasons for low-capacity drives (up to 2.2 kW approx.). This version is 
unsuitable for higher capacities for the following reasons: 


* The single-phase bridge represents a load for the network. 


*# The DC voltage harmonic ripple is considerably higher than for the three-phase 
model. This means that the intermediate circuit’s capacity has to be increased to 
compensate for this. 


The frequency converter's rectifier has either diodes or thyristors. A rectifier containing 
diodes is called an "uncontrolled" rectifier, and a rectifier containing thyristors is called a 
"controllable" rectifier. Diode bridges are used for motor capacities of up to 22 kW 
approx.. 


Schematic representation of a rectified power supply 
U U 


Three-phase rectifier t Single-phase rectifier t 
Figure 97: Network voltage rectifiers 
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6.3.2.2. Intermediate circuit 


The intermediate circuit can be regarded 

as an accumulator from which the motor 

draws its energy by means of the inverter. L 
The intermediate circuit's capacitor C 

stores the electricity network energy, which 

requires a high capacity. 


Figure 98: DC intermediate circuit 


The motor connected to the frequency 

converter draws energy from the Intermediate circuit 
intermediate circuit, and the capacitor is 

partially discharged during this process. 


The capacitor can only be discharged when the network voltage exceeds the intermediate 
circuit voltage. This means that the energy is provided by the network when the network 
voltage is close to its maximum. This results in current peaks which are add together if 
several frequency converters are connected in parallel. Therefore, a choke is inserted in 
the intermediate circuit is installed for higher powers (from approx. 5.5 kW). This choke 
reduces the current flow time on the network side and thus reduces the current peaks. 


6.3.2.3. Inverter 


The inverter itself is the last frequency converter 
element upstream of the motor. (For multi-motor 
drives, an additional protection is required upstream 
of the motor.) It changes the DC voltage into an AC 
voltage with a variable frequency and voltage. 
Various power semiconductors are used such as: 
GTO (Gate Turn Off Thyristor), FET (Field Effect 
Transistor), IGBT (Insulated Gate Bipolar 
Transistor). 


Modern frequency converters are usually equipped 
with IGBT transistors. The new generation of these 
semiconductors can handle high powers up to 350 
kW approx. 


Figure 99: IGBT inverter 


™1 T2 T3 How can a DC supply be transformed into an AC 
supply with variable voltage and frequency? 
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The inverter’s components act as switches (controlled by a microprocessor) and, 
depending on the frequency, switch positive or negative voltage to the motor windings. For 
most frequency converters, the frequency and voltage changes are achieved by pulse 
width modulation (PWM). 


Figure 100: Schematic representation of pulse width modulation 


6.3.3. Operating conditions 


6.3.3.1. Frequency-voltage ratio 


™ By connecting the motor directly to 
400 V the supply network we obtain ideal 
operating relationship for the motor. 
By varying the voltage, the 
frequency converter guarantees that 
these favourable relationships are 
maintained. 


‘ Figure 101: Standard U/f 
50 Hz 100 Hz characteristic curve 


As standard, a linear U/f characteristic from 0 to 50 Hz and respectively 400 V is used for 
most applications. If the frequency exceeds 50 Hz, the voltage is not increased further 
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(deliberately limited to input voltage) and the motor can no longer achieve the rated output 
and therefore cannot be fully loaded. 


U To operate at a higher frequency 
limit (frequency limit normally 50 Hz) 
the motor must be sized differently. 
230V - 50 Hz and 380 V - 87 Hz are 
standardized voltage frequency 
al ratios. 

Figure 102: Specially sized U/f 
characteristic 


50 Hz 87 Hz t 
The motor can therefore be operated at nominal power up to 87 Hz. 


6.3.3.2. Voltage increase or boost 


The linear V/F ratio provides very low torque at low frequencies (< 5 Hz). The motor has 
almost no torque so it stops. To avoid this, a voltage increase or “boost” has to be set for 
low speeds. Depending on the type of frequency converter, the user can achieve this in 


several ways: Voltage 


Autoboost: 


The voltage increase is determined 
by the frequency converter's 
software. This type of boost covers 
the majority of applications. 


Figure 103: Voltage boost goost 


DC boost: 0 Frequency 
A fixed voltage is superimposed on the U/F characteristic curve. With this setting the 
maximum motor torque can be developed. However, it must be noted that in this case the 
motor current is relatively high. 
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6.3.3.3. Slip compensation 


If a three-phase 
induction motor is 
loaded, its speed 
decreases while its slip 
increases 


Figure 104: Slip 
compensation 


If such a speed reduction 
is undesirable then the 
drive may use slip 
compensation, i.e. the 
frequency converter 


Speed % 


100 


0 


With slip compensation 


Without slip compensation 


10 20 80 40 50 60 70 80 90 100 Ballast% 


automatically increases the output frequency so that the speed does not decrease. 


This compensation normally permits a speed accuracy of approx. 0.5 %. 


6.3.3.4. Setpoint 


The setpoint value determines the output frequency and thus the motor speed. The 
setpoint can be interpreted by the frequency converter in various ways: 


* by means of a potentiometer (typically 10 kKOhm) 


* by means of an analogue signal (0...10V or 4...20 mA) 


via a serial interface 


via a communications network 


It is also possible to programme different set frequency values in the frequency converter 
and to activate them via digital inputs when required. 


6.3.3.5. Harmonic compensation 


There are active and reactive currents flowing in the motor circuit. The reactive current, 
however, alternates between the intermediate circuit's capacitor and the motor inductance 


and does not burden the supply. 
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Only the real power, the drive losses and the frequency converter losses are drawn from 
the power supply side. The cos phi of the network current is therefore close to 1. In most 
cases, a drive compensation can be avoided. 


6.3.3.6. Motor protection 


Frequency converters are generally equipped with an integrated electronic motor 
protection system, therefore additional motor protection is normally not required. For 
special applications, e.g. when one frequency converter supplies several motors, 
additional motor protection is recommended. 


For installations which regularly operate a low speed, a standard motor fan (mounted on 
the motor shaft) does not guarantee optimal cooling of the windings. In this case, an 
external fan must be installed. For maximum protection, temperature probes (e.g. 
thermistor PTCs) must be incorporated in the motor windings. 


6.3.3.7. Direction reversal and braking 


Since the rotating field is generated electronically in a frequency converter, a simple 
control command is sufficient to change the motor’s direction. 


If the drive frequency is reduced while the motor is running, the rotor turns faster than the 
rotating field in the stator. The motor is running in the oversynchronous mode and acts as 
a generator. 


This means that energy from the motor is stored in the frequency converter's intermediate 
circuit. Only a limited amount of energy can be absorbed and the excess energy leads toa 
voltage increase. 


If the voltage exceeds a certain value, the frequency converter switches itself off. To avoid 
this the energy has to be dissipated. 


This can be achieved in various ways. 


Brake chopper 


~—T 
i 
4 


Brake Chopper: 


| Energy 


Energy is dissipated by the electronics 
via resistor. 


Control 
according 


Figure 105: Brake Chopper to voltage 
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Feedback: 


Energy is fed back into the network by means of a separate inverter. 


DC bus: 
When several motors are driven by frequency converters whose intermediate circuits are 


connected together, the energy fed back by the braking motors is used to operate the 
others. 


6.3.4. Advantages of frequency converters 


Energy saving: 


Energy is saved because the motor runs at a speed corresponding to the load requirement 
at that moment. This especially applies to pumps and fans. 


Current consumption is also reduced during low speed and high torque conditions. 


Process optimisation: 

Adapting the speed to the production process results in several advantages, e.g.: efficient 
production and optimum use of the systems and installations. The speed can be optimally 
adapted to special conditions. 

Reducing Mechanical Stress (flexible operation): 

The number of starts and stops is reduced. This means that unnecessary high stresses on 
the machine components are avoided. 


Low maintenance costs: 


The frequency converter is maintenance-free. 


Improved working environment: 


A conveyor belt’s speed can be adapted to the working speed. Therefore slow starts and 
stops prevent the products from being thrown off the conveyor belt. 
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6.3.5. Radiofrequency Interference (RFI) 


6.3.5.1. General 


Every current and voltage generated as anything other than a pure sine wave contain 
harmonics. The frequency of these harmonics depends on the slope of the current or 
voltage curves. 


If, for example, a contact is closed, the current suddenly increases (very steeply) from zero 
to the nominal current. In a radio, this can be heard as a crackling noise. A single noise 
impulse is not perceived as disturbing. Since a frequency converter's semiconductors act 
as contacts, these devices emit radio frequency interference voltages. The other electronic 
devices are disturbed by the relatively high switching frequency (2 - 8 kHz approx.). 


Radio frequency interference (RFI) is defined as harmonics with frequencies between 
150 kHz and 30 MHz. They are spread by the conductors or by radiation. The strength of 
the interference depends on various factors: 

* the impedance differences in the supply network 

® the inverter switching frequency 

* the output voltage frequency 


# the frequency converter's mechanical construction 
dBiuV) 


EN 50081-2 Bai | {|| 
Hessen man Boricriel 


100 


6.3.6. Standards 


Different countries have implemented 80 
standards to determine the admissible 

value of radio interference per device. 

From the different standards, we can 60 
see that most of them have 

approximately the same content. 


Figure 106: RFI standards 


In general, two levels are always 20 
determined: a curve for industrial 

equipment (EN 50081-2) and a curve 

for professional purposes (EN 50081- ) 
1): 
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6.3.6.1. Protective measures 


Radio interference are normally transmitted by radiation or by the cables. However, the 
protective measures are only effective if they are included in the guidelines for the 
installation. Special care must be taken to the sizing of the earth connections. The 
frequency converter and the filter must be fixed on the same conductive mounting plate. 


Radiation: 
If the frequency converter is installed in an earthed metal casing, there should be no 
problems due to radiation. 


Supply lines to the frequency converter: 
The strictest standards can only be observed if RFI filters are installed. An intermediate 
circuit coil may be sufficient, making the use of a filter unnecessary. 


Motor cables: 

Radio interference in motor cables can also be limited by an RFI filter. However, the filters 
must be quite large and have a high dissipation capacity. Therefore RFI is normally limited 
in cables by means of screening (see below). 


6.3.7. Measures relating to the cables and cable screening 


The screening measures are designed to reduce radiated disturbances likely to affect 
near-by installations and equipment. The connecting cables between the frequency 
converter and the motor must be screened. However, the screening must not replace the 
PE conductor. Four-conductor (3 phases + PE) motor cables should be used and the 
screening should be earthed at both ends over a large contact area. 


The screening must not be connected using pigtails. The breaks in the screening (e.g. at 
the terminals, contactor and inductance) must be bridged by low impedance links with a 
large surface area. 


Interrupt the screening near the module and connect it to the earth potential over a large 
area. 


The length of the unscreened free cables must not exceed 100 mm approx. 


The control and signalling cables must be twisted and protected, if necessary with a 
double screening. In this case only one end of the inner screening must be connected to 
the voltage source and the outer screening must be connected at both ends. The motor 
cable must be physically separate from the control and signalling cables (> 100 mm) and 
must not be laid parallel to the network supply cables. 
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4-conductor screened cable 


Earth the Cu screen braid at both ends and 
over a large contact area 


Outer PVC sheath 
3) Copper wires (U,V, W, PE) 


Conductor insulation: PVC, 3 x black, 1 x 
green/yellow 


Inner tape made of PVC 


he 


Figure 107: Cabling recommendation — screened cable 
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Network 
Line F 

protection 
Switching Q 


Network inductance R 


Line filter K 


Frequency converter 


Connecting cable 
to motor 


Motor M 


Figure 108: Typical protection and connection of for speed control via frequency regulator 
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7. SAFETY 


7.1. ELECTRICAL DISTRIBUTION PROTECTIONS 


Figure 109: Example of typical distribution and protection 


In this course and in SE100 + in SE110 we have more or less covered everything we need 
to know to protect an electrical distribution system. 


The diagram in this paragraph shows a typical distribution system which you will find on- 
site. 


Consider this diagram as an exercise by identifying and commenting on the devices and 
equipment and coding references (ANSI code). Do not forget to specify whether 
instrument or protection CTs or PTs are required, you can even give the full references of 
these CTs and VTs (or PTs)... 
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7.2. HV STATION SAFETY EQUIPMENT 


Intervention equipment is mandatory for transformer stations and all HV/HV and 
HV/LV stations and substations. This equipment must meet the safety standards in 
force (NF C 13-100). 


"Catu" brand equipment is generally used on Total sites: e.g. insulating rubber gloves. | 
tend to insist on these gloves since | have very often seen: 


% glove boxes empty 
gloves used for other purposes than electrical work 
dirty gloves! 


gloves in poor condition 


*# # # # 


gloves with holes (why do you think gloves with holes are dangerous”). The air 
tester is a pump (bellows) for regularly checking the integrity of the gloves by 
inflating them 


% gloves which are well past their expiry date; the gloves have a limited lifetime (a few 
years) 


* gloves with the wrong service voltage rating (there are several maximum voltage 


ratings: 7.5 — 15 — 26.5 kV) 
= 


A ¥ Pneumatic tes 


Figure 110: Protective gloves 


IMPORTANT: the gloves must not be used to touch, handle or approach live HV 
parts but only to work in safety!! 


High voltage working does not exist (at least it does not exist at Total) 
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7.2.1. Accessories found in a transformer station or an HV room 


Figure 111: Transformer station with bare conductors 


Figure 112: Transformer station with plug-in bushings 
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The safety equipment figures for stations/rooms containing HV equipment represent all the 
equipment likely to be permanently available. 


The legend for this equipment is given below (Catu brand) 


No. Description Catu reference 
Voltage detectors and testers 

eg Voltage detector for indoor use 10-30 kV References: CL-4 series 
15 | Voltage detector for separable connectors Reference: CC-151-K 
i Two-pole or single-pole phase comparator References: CL-5, CL-8, CL-7 series 
11 | Permanent luminous indicator 


qi Permanent voltage indicator V.I.S, V.D.S 


Reference: CL-40010 
References: CL-495/3, CL-497, CL-498 


Earthing and short-circuiting systems 
Earthing and short-circuiting systems: References: MT-1910, MT-1920 


|| For connection to fixed points References: MT-5805, MT-9801, MT- 
For connection to bare connectors 9804 


19 | Fixed points References: MT-2950, MT-3950 series 
Earthing and short-circuiting systems: 


a For 250 A connectors Reference: MT-8612 
For 400 A connectors Reference: MT-8614 
Insulating sticks and accessories 
qi Insulating stick for detector CC-151-K Reference: CC-45-K 
ie Insulating stick IEC-61235 Reference: CT-7-25/1 
10 | Stick insertion aperture Reference: CS-45 
Personal protection 
e ee gloves 26,500 V with glove storage box with Reference: CG-30, CG-35/1 
Insulating stool/platform 24,000 V Reference: CT-7-25/1 
Gal Rescue stick 45,000 V | Reference: CS-45 
Signs and accessories 
EY) Lockout padlock Reference: AL-230/... 
"8 “Electrical risk” and earth triangles | Reference: AM-49/1, AM-345, AM-346 


ey Regulatory posters Reference: AM-18, AM-208 
qi | Sign with modifiable diagram Reference: AP373 

20 | First aid for electric shock victims poster | Reference: AM-20 

21) Safety regulations poster Reference: AM-510 

r 5 | | Fuse holder Reference: Cl-23 


Table 19: Legend for HV station equipment 
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7.2.2. Minimum intervention kit 

An electrician working in a station must have the following kit. This kit contains the 
minimum requirements for permanent installation in an HV station. It is generally wall- 
equipped. 


Equipment this kit usually comprises 


Reference Designation Characteristics Dimensions 
Class 3 insulating gloves 26 500 V max Taille C (10) 
Glove storage box with window (1) 60 x 210 x 460 mm 


CED Spare fuse holder (1) @ max.85mm 90x 240 x 260 mm 


Cz insulating stick 45000 V max Longueur : 1.65 m 


CEE Wall brackets Supplied with CS-45 


G=D insulating footstool 24000 Vmax 500 x 500 x 220 mm 


1 insulating mat CEI-61111 = 33 xy 046x1m 
3mm thick 


“rn 


+ 


CG-30 


* Supplied only with kit KIT-01. 
** Only with kit KIT-10. 


1) Delivered with mounting bracket 
Kit comprises an footstool 


KIt comprises an insulating mat with a storage tube * 


* Tube reference MP-20 delivered with mounting accessories 


ie | 


A The equipment in kit-O1 must be completed by the appropriate voltage detector; see pages: 93,94,95,97 


Figure 113: Intervention kits for transformer stations 


To be completed with a voltage detector (stick with earthing + detector). 
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7.2.3. Rescue kit 


You will also find this kit in many electrical rooms. 
Another kit may also be present: the rescue case 


Rescue kit 


Rescue case 


Contents: 
- Poster AM-20 explaining the first aid actions for 
electric shock victims. 
- Rescue stick, type CS-90, operating voltage 90 kV, 
length 2.05 m. 
- Voltage detector, for identifying the danger points. 
Located at the end of the stick near the hook; 
contact by flexible antenna. 
- Cable cutter with insulated handles. Forged steel 
blades, max. opening: 30 mm. 
- Insulating platform. 
Additional accessories: 

- high voltage insulating gloves, 

- box for gloves, with talc, 

- insulating boots, 

- bottle of salts to prevent a kidney blockage, 
detailed instructions for use. 


Case designed for rescue operations with electrical 
risks. Stylish and quick and easy to use, can be 
used in all types of situations. 

Contents: 

- Insulating platform 

- Telescopic stick L= 1.5m 

- Voltage detector equipped with a metal rescue 
hook 

- Insulated cable cutter 

- One pair of insulating gloves 

- One protective case for gloves 

- One pair of insulating boots 

- One bottle of talc for glove maintenance 

- One roll of marking-out adhesive tape L = 100 m 
- One first aid for electric shock victims adhesive 
plastic poster 

- One instruction poster 

Maximum intervention voltage: 24 kV. 


Figure 114: Catu rescue kit 
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7.3. LOCKOUT OPERATIONS 


This subject was covered in detail in the course EXP-MN-SE180 "Electrical Safety", but we 
will now look at the terms and broad lines of the subject since lockouts are mostly 
performed on HV and LV cabinets and cubicles. We will just say that this paragraph on 
lockout is a foretaste of the electrical safety course. You should at least look at the last 
part on interlocking. 


To make safe an installation we must use materials with guaranteed characteristics 
and a tried and tested performance level. This also supposes that the personnel is 
organised, trained and responsible. Lockout operations must only be undertaken in 
these conditions. 


Electrical accidents are mainly due to lockout procedures not being respected or 
being incorrectly interpreted... 


7.3.1. Lockout 


Isolation, switching, checks, tests and maintenance in the widest sense are all operations 
which must be planned with the primary objective of safeguarding persons and property. 

To carry them out, a certain number of duly identified actions must be carried out in a set 
order. 


These actions are called "lockout". 


Lockout will allow us to work on all or 
part of an installation (or a piece of : 

equipment) and to ensure there is no - rf 
possibility of the system being put b 
back into operation (lockout removal) 
without the voluntary and combined 
action of all the persons responsible. 


"Making safe" or "lockout" is thus a 
precise and well-defined operation 
always with the purpose of creating 
and particularly of maintaining a safe 
situation. Lockout consists of several 
essential phases. 


Figure 115: Locking out a circuit 
breaker, the padlocks prevent all 
closing or reconnecting operations 
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7.3.1.1. Separation 


It consists of switching off all the power, command-control and stand-by circuits by a "fully 
apparent" disconnection. 


The fully apparent disconnection is provided by a disconnector or an isolating switch with 
visible contacts or by a device which both has sufficient isolation distances and a reliable 


slaving between the position of the contacts and that of the operating component (e.g. 
circuit breaker). 


7.3.1.2. Lockout 


It is performed by a mechanical device consisting of padlocks or locks. It prevents the 
equipment which is locked out from being operated, either intentionally of not. 


It must be noted that profile keys (triangle, square...) are prohibited for this function. 


7.3.1.3. Dissipation 


This means setting the equipment to the lowest energy level and consists of discharging 
the capacitors (capacitive charge circuits such as cables). 


For maximum safety, it includes the earthing and short-circuiting of the conductors. It is 
mandatory above 500 V. 


It is not mandatory below this value (LVA) except where there is a risk of induced voltages, 
capacitive effects (capacitors or long lengths) or a risk of feedback to the equipment. 


7.3.1.4. Checks 


They must be carried out as close as possible to the intervention location, using a 
standardised instrument to check that no voltage is present (meeting NF C 18-310/311) 
between all the conductors including the neutral and between these conductors and earth. 


The use of equipment such as multimeters or testers is strictly prohibited. 


These four main phases must be accompanied by the means necessary to inform the 
personnel, whether they are intervening on the installation or not. 
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7.3.1.5. Signs 


They consist of clear, precise and permanent information on the lockout status of the 
installation. It may also be necessary to mark out the zone. 


It must be noted that in the LVA range (s 500V), in exceptional cases it is possible to 
install a sign panel prohibiting the operation of the separation device if this device is not 
locked out. 


(On the sites, the installation of a lockout device is mandatory — there must be a means of 
"locking" and opening the circuit concerned — a sign panel is also mandatory as an 
additional protection system). 


This practice must not be permitted if the system is not visible from the place where the 
work is being carried out. 


7.3.1.6. Identification 


It must allow a targeted (and 
unambiguous) intervention on 
the device or the part of the 
installation concerned. 
Therefore electrical diagrams, 
geographical locations 
drawings, identification 
systems... must be available 
and up to date. 


Figure 116: Everything starts 
at the current delivery 
point 
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7.3.2. Systems and equipment concerned 


Although the general principles of lockout remain the same, the measures to be taken may 
differ according to the zones concerned, hence the importance of using terminology known 
to everyone. 


Thus we have: 


7.3.2.1. Distribution networks 


They concern the part of the systems and equipment under the responsibility of the energy 
distributor. 


Regulations (e.g. energy distributor specifications, Total specifications Total) which are 
contained in specific decrees are applicable to them. 


7.3.2.2. Electrical installations 


The electrical installations which concern us in this document and which include all the 
equipment used to produce, transform, distribute and transport the energy to the various 
user equipment. The main and secondary switchboards are obviously part of the 
installation. 


Among the applicable regulations we can mention the French decree of 14 November 


1988 relating to the protection of workers in establishments using electric currents and the 
installation standards NF C13-100, NF C13-200, NF C14-100, NF C15-100, etc. 


7.3.2.3. Devices and equipment 


They consist of the cables and the switchgear. These include the distribution boards and 
terminals which contain the controls and protection systems. 


There are very large numbers of applicable standards which are specific to each piece of 


equipment or to each equipment family: the EN 60439, N 60204, EN 60947, etc. series of 
standards. 


7.3.3. Operations 


We must be able to distinguish the lockout operations, which we have just mentioned, from 
the normal operating operations and even from the emergency operations. 
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7.3.3.1. Normal operations 


They are the routine operations: switch-on, startup, shutdown, connection operations 
designed for this purpose, measurements, rearming, etc. which are carried out without 
specific risks during normal system operation. They require basic safety precautions to be 
taken and specifically include the use of personal protection equipment (insulating gloves, 
etc.), measurement instruments and the appropriate test sheets, insulated clamps, etc. 


The risk of short-circuits must be reduced to the absolute minimum due to their 
consequences. 


On principle, the measures must be taken after a prior analysis which includes: 

* The type of work (measurements, tests, connections, cleaning, etc.); 

* The environment conditions in the widest sense (atmospheric conditions — rain or 
risk of storms — and also the real conditions of ensuring that unqualified personnel 
cannot gain access to the zone, or the possibility of contact with the earth potential); 

* The requirements specific to working in live conditions which can be broken down 
into working in contact, working at a distance and working at the potential. In all 
cases a specific approval must be issued by the site manager. 


Work on live systems and equipment is covered by specific procedures and requires 
specific protection equipment and tools. 


7.3.3.2. Emergency operations 


They are due to the need to protect persons and property to the maximum in dangerous 
circumstances. 


7.3.4. Intervening personnel 


The personnel who carry out the normal operations and lockout operations must be 
qualified and authorised according to the complexity and the risk specific to the operation 
concerned. 


The emergency operations only require information or instructions except where they 
concern the distribution networks. 


Publication UTE C 18-510, which is the reference on this subject, gives the precise 
definitions and the qualifications of each of the persons concerned. They are summarised 
below: 
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Employer: 

Person who has direct or indirect legal responsibility under the Labour regulations. To 
avoid confusion between the principal and the subcontractor, we can use the terms "Site 
Manager" or "Operator" for the first and "Company Manager" for the second. 

Operating Manager: 

Person designated and delegated by the employer to operate an electrical installation, 
including to carry out work and interventions. 

Electric Lockout Supervisor: 

Person designated by the employer or the Operating Manager to perform all or part of the 
lockout tasks and to ensure that the appropriate safety measures are taken. 

Requisition Supervisor: 

Person designated by the Operating Manager whose job it is to requisition all or part of 
major installations. He may also be the Lockout Supervisor for the part requisitioned. 
Work Supervisor: 

Person who actually directs the work. He is responsible for taking safety measures or 
having them taken and of ensuring that they are applied. This person can also work alone 
or take part in the work he directs. 

Test Supervisor: 

Person who effectively directs the tests. 

He is responsible for taking the necessary measures and of ensuring that they are applied. 
Operator performing the task: 

Person designated by his employer to carry out work based on spoken or written orders. 
He must have the necessary qualification corresponding to the work to be carried out. 
Electrical Safety Supervisor: 


Safety specialist who is empowered by his employer to ensure the security of the persons 
operating on or near the electrical installations. 
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Qualified Person: 


Person with the necessary knowledge to carry out the tasks entrusted to him. 


7.3.5. Approvals 


Approvals are the recognition by the employer of a person's ability to safely carry out the 
tasks entrusted to him. 


A written approval containing the identification and approval of the parties concerned and 
the approval level code must be issued to the employee. However this document does not 
release the employer from his responsibilities. 


The approval level must thus be adapted to the work to be carried out, e.g. it will be 
different for a painter working in a transformer room and for an electrician who actually 
intervenes on the transformer. 


But both these persons must have received appropriate training for the risks to themselves 
and to others. 


An approval is obviously required in order to carry out electrical work, but also to direct this 
work to supervise, to lock out an installation, to carry out tests and measurements. Do not 
forget that an approval is required just to have unsupervised access to a room reserved for 
electricians. 


For example, a cleaner working on a test platform must hold the necessary approvals, A 
Site Manager is not authorised to enter an electrical room if he does not have the 
necessary approvals, etc. 


The approval level is indicated by a code 
The approval level identification code consists of one or even two letters and a number. 
* First letter 


L for the LV and VLV ranges. 
H for the HV range. 


* Second letter (where applicable) 


R for interventions, troubleshooting (Repairs), connections, tests and 
measurements (LV only). 

C to be able to carry out lockout operations (C for Consignation in French). 
T for work in live conditions (T for Tension in French). 

N for cleaning work in live conditions (N for Nettoyage in French) 

V to work in proximity to live parts (V for Vicinity). 
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* A number 

0 for personnel performing nonelectrical work. 
1 for basic electrical workers under supervision. 
2 for Electrical Work Leader or "in charge of electrical works" managing other 
workers under his responsibility. 

Here are a few examples (nonexhaustive) of commonly used approvals in the LV range: 
LO: nonelectrician having authorised access in restricted areas. 
B1: for "basic" electrician. 
LR: "in charge of interventions" assuming the organisation of his work and 


responsible for his own safety. 
LC: "in charge of lockout". 


7.3.6. Authorisations 


Whatever the work carried out, the lockout operation itself must be covered by written 
documents and all the necessary steps must be taken to ensure that these documents 
have been received by the persons to whom they are destined. 


Appropriate safeguards must be in place to ensure that remotely transmitted documents 
(faxes, e-mails) are received and understood. 


A reply message containing the identification number of the original message is 
mandatory. 
The acknowledgement of receipt is insufficient. 
Among the different documents we will find the lockout certificate, destined for the Work 
Supervisor or Intervention Supervisor. It must contain the date and time and end-of-work 
notification slip. 
Other documents are used. Here is a nonexhaustive overview of these documents: 

* work authorisation, 

* operating sheet, 

* instructions, requisition notice, 

* public distribution network isolation certificate, 


# etc. 


See the regulations in force for more details. See course SE180 detailing the lockout 
procedures on the sites and which should be identical on Total sites. 
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7.3.7. Lockout 


Lockout is designed to prevent the operation of the separation component. 


It must both mechanically immobilise the device and neutralise all the controls whether 
they be electrical, electronic, radio, etc. 


In addition, the lockout condition must be clearly indicated (by signs, indicators, etc.). 


7.3.8. Locking and interlocking 


Only locking and interlocking can guarantee a total lockout condition. 
A combination of several locking devices is very often used: 
* To control the order of the sequence of operations (order of the controls); 
’ To render the operations interdependent and alternative (e.g. reversal of sources); 


+ To require simultaneous 
action by several 
persons (increased 
safety). 


Figure 117: Key interlocking 
on a withdrawable 630A 
circuit breaker 


The locking is implemented by 
taking into account the safety 
of persons (e.g. preventing 
access to HV cubicles before 
energisation) and property 
(e.g. preventing a 
disconnecting device from 
opening or closing under load). 


The basic locking principle 
is based on the use of a 
single key. This key can 
control one or more locks but a 
lock must never be able to be 
controlled by two identical 
keys. 

When the key is released from 
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the first lock and can then control a second lock, we talk about "key-transfer interlocking". 
When the locking sequence requires several keys to be released, a multiple-lock system 


allows the first key (called the “primary key”) to remain captive but to release several keys 
(called "secondary keys"). 


7.4. LOCKING SYSTEMS 


Examples were given in course SE100 "Electrical Networks". We will now look at these in 
more detail. 


In all cases, the choice of the locks and of the safety positions requires a prior 


study of the locking sequence to be applied to correctly define the requirement and 
perfectly identify the associated risks. 


7.4.1. Locking symbols 


 techarical locking © Lock mechanism 


3 Captive key O Key absent 
Free k . ; Key operation: 
ree key introduction introduction 
extraction Key operation: Ld Lock on door 
extraction 


Key absent — latch 


<] ° ie Keys facing in opposite € 
directions Ol withd rawn - free 
operation 


ne 


Key absent — latch Free key — latch 
‘O|_ extended - operation withdrawn - free 
locked operation 
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& Free key — latch Captive key — latch 
| mmm | extended - operation ‘el withdrawn - free 
S| locked operation 


Captive key — latch 


@= extended - operation 
locked 


Lock mechanism Lock with key always 
assembly free 


captive device closed 


Lock with captive key — 
device open 


| 
VA 
ie Lock with key always vy Lock with captive key — 


Table 20: Locking symbols on HV and LV cubicles and equipment 


7.4.2. Examples of typical diagrams with locking procedures 


Electric locking systems are never considered to be sufficient. On principle, only 
mechanical locking systems are safe (with the reservation that they are themselves 
reliable). 


7.4.2.1. Locking example 1 


Locking sequence ] 


Figure 118: Locking between earthing switch, HV 
switch and cubicle door (schematic symbols). 


1 
| | 
= 
Cubicle. ~ t~ ~ 
* Switch | opened door t on 


* Key released Mi v| eo 


* Transfer of key A to disconnecting switch S 
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* Disconnecting switch S closed 
*+ Key B released 


* Cubicle door opened using key B 


* Key B remains captive 


7.4.2.2. Locking example 2 


The aim of this procedure is to prevent the earthing switches from being closed when the 
cubicle is supplied upstream or downstream (loop return). - Cubicle locking on looped HV 
network. 


Installation in service: NB: switches I and disconnector T are mechanically slaved due to 
their construction. 


Substation 1 Substation 2 
| Cubiclenj 2 
A 
Ey 


To substatiomj2 To substatiom)1 


Figure 119: Locking of cubicles on looped HV network - Initial conditions: loop in service 
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Substation 1 


To substatiom)2 


To substatiom)1 


Figure 120: Locking of cubicles on looped HV network — Conditions with locking: loop open 


Lockout sequence: 


+ 


* 


+ 


® 


Switch I.1 opened 

Switch I.1 locked out and key A released 
Switch 1.2 opened 

Switch 1.2 locked out and key B released 
Earthing switch T2 unlocked using key A 
Earthing switch T2 closed 

Key A is captive 

Earthing switch T1 unlocked using key B 
Earthing switch T1 closed 


Key B is captive 
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7.4.2.3. Locking example 3 


Same example as that described during course SE100: HV/TR/LV locking (functional 
symbols) 


This sequence, which is one of the most common and which is used in LV supply stations 
allows access to the transformer terminals after: 


* Opening and locking the LV circuit breaker 

* Opening and locking the HV cubicle 

* Earthing the separated HV supply 
Configuration in service: 

* LV circuit breaker closed 

* Key O is captive 

* HV cubicle closed 

* Key S is captive (inside the HV 

cubicle) 


“ The transformer terminals are not 
accessible. 


Figure 121: Locking example 3 - 
Configuration in service 


Locking sequence: SS 2 ae A eee |, | 


* LV circuit breaker opened and withdrawn 
* Key O is released 
* Transfer of key O to the HV cubicle lock 


* HV switch opened and earthing switch closed by mechanical slaving. The operation 
is possible by key transfer, as in example 1. 
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Figure 122: Locking example 3 - intermediate configuration — end-of-locking configuration 
* Key O becomes captive 
* The cubicle's panel can be opened 
* Key Scan be taken after opening the cubicle door 


* Unlocking of the lockout flap of the plug-in in terminals 


* Key S becomes captive on the transformer 


7.4.2.4, Locking example 4 - Locking on LV source reversal 


It must only be possible to couple a replacement supply to an installation when we are 
absolutely certain that the main supply has been disconnected. 


And the opposite is also true. When the devices cannot be placed side by side (Source 
reversal plate with integrated interlocking mechanism) or when they are of different types 
(e.g. lower backup power), key interlocking must be provided. 


Figure 123: Locking on LV source reversal 
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In normal service: supply by transformer. Circuit breaker I is closed. Key A is captive. 


In standby service: Circuit breaker | is open. The associated lock is unlocked and key A is 
released. 


Key A is transferred to circuit breaker G's lock, which is locked. 


Key A is captive. 


7.4.2.5. Example 5 - Locking on source reversal and on HV substation 


The withdrawable circuit breaker is then equipped with two locks. 


In normal operation, circuit breaker I is closed, 
keys A and B are captive. 


Figure 124: Locking on LV source reversal and on 
HV ,station 


Opening the circuit breaker releases keys A and B. 
Key A is transferred to the upstream HV cubicle 
(see example 2). Key B is transferred to the 


replacement source (see example 4). i}, { A y| 
A B 


Locking between the replacement source (circuit 
breaker G) can also be provided with the HV 
cubicle (second lock). 


For the locking sequences on site, schematic diagrams and schematic symbols can also 
be used but, on principle, the complex sequences must be explained by text. Therefore 
procedures to be read and followed during the locking / lockout sequences must be 
written. 
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